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Part I1.—By Professors H, L. CALLENDAR and A. FOWLER. 


The expedition to Castellén de la Plana, Spain, was one. of the series 


organised by the Joint Permanent Eclipse Committee, the expenses being 
chiefly defrayed from the Government Grant Fund. Though 23 miles south 


of the central line, Castellén was selected as the most suitable station after 
careful inquiries as to the local conditiops and facilities had been made by the 
Vice-Consul, Mr. Edward Harker, who also rendered invaluable aid to the 
expedition in various other ways. The advantages of being near a town of 
considerable size sufficiently compensated for the loss of 18 seconds in the 
duration of totality as compared with that on the central line, and, for some 


of the work, the resulting change in the position angle of second contact would 


have been a distinct gain. 
The party originally included Mr. W. Shackleton, but in consequence of a 
temporary illness he was unable to go out to Spain, and the expedition thus 


suffered the serious loss of an experienced observer at the outset. Mr. 
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Shackleton had, however, practically completed the large scale coronagraph 
and prismatic camera which he had intended to use, and it became possible to 
utilise this apparatus through the voluntary assistance of Mr. E. H. Rayner, 
of the National Physical Laboratory. 

Mr. T. Banfield accompanied the expedition as technical assistant, and 
Messrs. Isaac Molloy, E. Cahen, and J. J. Steward joined the party as 
volunteers. 

Messrs. Fowler, Banfield, Molloy, and Cahen arrived at Castellén on 
August 3, and were welcomed at the railway station by a deputation from the 
Corporation, headed by the Deputy-Mayor, Sefior Don Francisco Campos, 
together with a number of prominent citizens, and Sefior Don José Badia, 
private secretary to the Vice-Consul, who was to act as interpreter. Every 
possible assistance was promised by the local authorities, 

After an inspection of the various sites which had been suggested, it was 
decided that the greatest facilities were afforded by the grounds of the new 
Provincial Hospital which is in course of construction. There was ample 
space enclosed by a high boundary wall, a good supply of cold water, skilled 
workmen on the premises, and an abundance of completed rooms which could 
be used as store rooms, photographic rooms, and so on. Permission to 
establish the camp on this site was readily granted on application to 
the Deputy-President of the Provincial Deputation, Sefior Don Tiburcio 
Martin. 

The work of clearing the ground, building piers for the instruments, and 
erecting huts was commenced without delay, under the supervision of Senor 
Don Francisco Tomas, a local architect, who generously performed his own 
part of the work gratuitously. 

During the preparations the Military Governor (His Excellency General 
Don Juan Manrique de Lara), the Civil Governor (His Excellency Sefior Don 
Sanchez Ortiz), and the Mayor of Castell6n made constant inquiries, either 
personally or by messenger, as to the needs of the expedition; and, in 
addition, Sefior Don José Marza, Town Councillor, was almost constantly in 
attendance at the camp to ensure that nothing was wanting to facilitate the 
work. 

Professor Callendar arrived at Castellon on August 14 in time to make 
observations of the full moon; Mr. Rayner on August 17, and Mr. Steward 
on August 28. 

Ten days before the eclipse the necessary drills were commenced and 
carried on every day at dusk, and also on the two days preceding the eclipse, 
near the time at which totality would occur. 

The weather conditions during the 25 days preceding the eclipse were very 
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promising, there being only three or four days on which good observations 
would not have been possible. The day of the eclipse, however, was unsettled, 
and though the first and fourth contacts were observed in perfectly clear sky, 
not even a glimpse of the sun was obtained during totality. The clouds of 
early morning were dispersed by a shower of rain, which ceased in ample 
time for the final adjustment of the instruments, and for records of the 
prominences before the commencement of the eclipse. These hopeful con- 
ditions, however, only persisted for about 30 minutes after first contact, when 
a great bank of slowly-moving clouds approached from the north-west and 
completely obscured the sun until totality was at an end. About a minute 
after totality the crescent sun was seen for an instant, but the obscuration 
continued with very short breaks until about 20 minutes before the last 
contact, after which the sky was clear until near sunset. 

No results were accordingly obtained during totality, except such as are 
given by the automatic records of solar radiation and temperature, to which 
separate reference is made later. 

Through the kindness of the Military Governor, a guard of soldiers was 
stationed in and about the camp on the day of eclipse in order to prevent any 
possible interference with the work of the observers. It was particularly — 
desired that crowds of people should not be permitted to collect in the 
vicinity of the camp so that the involuntary shouts to which the phenomena 
of totality are liable to give rise should not clash with the time signals 
regulating the exposures of the photographic plates. The arrangements made 
were entirely satisfactory. 

In addition to those otherwise mentioned in this report, the thanks of the 
expedition are due to Sefiores Manuel Montesinos (Architect of the Hospital), 
Telmo Vega (Secretary to the Provincial Deputation), Miguel Peris, and Antonio 
Gomez, for valuable help in various ways, and to the owners of the numerous 
factories in the district who stopped work on the day of the eclipse so that 
there should be no smoke to mar the observations. Special mention should 
also be made of the invaluable services rendered to the expedition by Sefior 
Badia, who by no means restricted his assistance to that of an interpreter. 


Position of Camp and Times of Contact. 


The precise geographical position of the eclipse camp was derived from 
the co-ordinates of a point at the summit of the City Tower as given by the 
Trigonometrical Survey of Spain,* namely :— 


Latitude ......... 39° 59’ 10°02 
Longitude ......... 3° 39’ 0’°33 east of Madrid. 


* ‘Red. Geodesica de ler Orden de Espaiia, Madrid, 1894, p. 45. 
B 2 
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The corrections to the camp were very kindly determined by triangulation, 
by the City Architect, Sefior Don Godfredo Ros de Ursinos, with the 
following results :— 


Latitude ........- 39° 59’ 0°75 
Longitude ......... 0° 2’ 47°52 west of Greenwich. 
0S. sedate Oh. Om. 11°17s. 


Adopting these co-ordinates, and calculating by the approximate formule 
given in ‘ Nautical Almanac Circular, No. 19, the following data were 


found :— 
Ba” (a ie 

Eclipse begins August 29 ...... 23 55 38 G.M.T. 
Totality ,, cme eerer ey 1 16 32 
Totality ends eee errr ee 1 19 658 
Eclipse, Pee | ase 3 26. 57 
Duration of totality........... ae 3 26 

Angle from north point of Ist contact ......... 295° | Towards 
+ uy hE Se Ree 114° east. 

Other calculations gave— 

Angle from north point of 2nd contact ......... 137° 
. - Nae ers 273° 

Sun’s altitude at mid-totality .................. 54° 40’ 


The beginning and end of totality, as observed in cloudy sky, were too 
indeterminate to permit useful records of the times at which they occurred, 
but Mr. Fowler carefully observed the times of first and fourth contacts by 
the spectroscopic method, with the following results :— 


h mm 8. 
1st Contact, G.M.T. ...... 11 55 14 
4th “ a © Meats 2 80 82 


The first contact was thus recorded 24 seconds, and the fourth five 
seconds, before the respective times calculated. The chronometer error 
adopted was the mean of two determinations made with a theodolite on the 
afternoon of the eclipse differing by only two seconds. A more accurate 
calculation of the times from the Besselian elements given in the ‘ Nautical 
Almanac’ does not change the results by so much as a second, so that there 
remains a considerable discrepancy between observation and calculation. 


Instruments and Observers. 


The general programme of the expedition, which was somewhat extended 
in consequence of the voluntary assistance of local gentlemen, will be 
gathered from the following list of instruments and observers :-— 
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20-Inch Reflector, with appliances for the measurement of solar and coronal 


radiation. 
H. L. Callendar. 


Absolute Recording Bolometer, for normal solar radiation, equatorially 
mounted. 
Horizontal Bolometer, for recording vertical component of total radiation. 
Recording Electrical Thermoneters, for air temperature, ete, 
H. L. Callendar. 


Slit Spectrograph, adjusted for the region B to F. 
A, Fowler 
i Banfield } Assisting with plate-holders, etc. 
Joaquin Garces 
41-JInch Equatorial, with Evershed solar spectroscope, for visual observa- 
tions. 
A. Fowler. 
4-Inch Coronagraph, 38 feet focal length, with direct-vision prism for 
coronal and chromospheric spectra. 
EK. H. Rayner. 
I. Molloy, in charge of prism. 
Venancio Soto } 
José Babiloni i 


3-Inch Coronagraph, 57 inches focal length, with green screen for inner 
corona, as suggested by Mr. Shackleton.* 
T. Banfield. 


3-Inch Coronagraph, 20 inches focal length, with small polar heliostat, for 
coronal extensions, 
E. Cahen. 


Spectrograph of small dispersion, with small ccelostat and image lens for 
spectrum of outer corona. 
Francisco Betoret. 


assisting with plate-holders. 


Slitless spectroscopes, for drawings of green ring. 

A. Fowler, T, Banfield, Telmo Vega, Francisco Betoret. 
2-Inch Telescope, for direct observation of corona in the region of a 

previously selected prominence. 

J. J. Steward. 
Thermograph and Barograph. 

J. J. Steward. 

* ‘Monthly Notices, R.A.S., vol. 60, p. 433, 1900. 
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Observations of Stars during Totality. 
I. Molloy. 


Observations of Shadow Bands. 
Juan Vilo. 


Time Signals, 
J. J. Steward, chronometer. 
José Badia. 


signals during totality. 
Luis et Sn 6 y 


Although the main objects of the expedition were frustrated by clouds, 
a more extended account of the principal instruments, and of the observa- 
tions which it was intended to make, may possibly be suggestive on some 
points in preparing for future eclipses. With regard to the sections not 
dealt with further, it need only be mentioned that Capella was seen during 
totality through a break between clouds, and that the fall of temperature 
indicated by the thermograph was 6°'7 F., while from 30 minutes before to 
11 minutes after totality the barograph registered a decided gradual increase 
of pressure, amounting to 0-02 inch, followed by a slight lowering. 


Part I1.—By Professor H. L. CALLENDAR, F-.R.S. 
The 20-inch Reflector. 


The mirror made by Common had an aperture of 20 inches and a focal 
length of 45 inches, giving an image of the sun approximately 1 cm. in 
diameter. The instrument, as received, had an equatorial mounting with 
a small slide-holder at the principal focus, and was used by Father Perry 
for taking photographs of the corona in 1889. In order to adapt it for 
measuring the heat radiation of the corona, for which purpose the large 
short-focus mirror was very suitable, the slide-holder was replaced by a 
diagonal plane mirror, projecting the image to the side of the tube in a 
convenient position for observation with an eye-piece or a_ sensitive 
bolometer or thermopile. The mounting of the telescope was somewhat 
rough, but after some adjustment of the bearings, it was found to be possible 
to set the telescope within two or three minutes of the position of any 
celestial object by means of the circles. As there was no provision for fine 
adjustment, the eye-piece fitting, carrying the thermopile, was mounted on 
a sliding plate with a rack-and-pinion movement of sufficient range in right 
ascension and declination, which proved extremely convenient for the 
purpose for which the instrument was required. The driving clock at first 
was very unsatisfactory, but after some alterations to the governor and 
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pinions, it was successfully adjusted to follow for nearly an hour without 
appreciable error. 

The tube of the telescope was fitted with a diaphragm of 15 inches 
diameter, which limited the aperture, but improved the definition consider- 
ably. With this reduction, after allowing for obstruction by the flat, and 
for loss at the two reflections, the effective concentration of the rays at the 
focus was upwards of 1000 times, which was ample for the purpose. The 
mirrors were freshly silvered before packing, about the middle of July, and 
were necessarily somewhat tarnished by August 30. The loss of heat due 
to this cause was not serious, and would not have affected the results, 
as all the measurements were comparative. 


The Absolute Recording Lolometer. 


This bolometer was designed for the determination of solar radiation in 
absolute measure by the electric compensation method. The radiation 
admitted through a measured aperture of 3 sq. cm. was received on a 
blackened grid of fine platinum strips arranged in such a way as to intercept 
the whole of the admitted beam. The increase of resistance of the grid, 
which was nearly proportional to the intensity of the incident radiation, 
was automatically recorded by means of a Callendar Recorder of the usual 
pattern. The intensity in absolute measure was determined by observing 
the value of the electric current reyuired to produce the same rise of 
temperature in the grid as the radiation to be measured. ‘The bolometer 
was provided with compensators for eliminating the loss of heat by con- 
duction at the ends of the strips and the effect of changes in the surrounding 
temperature on the resistance of the grid. The instrument was contained 
in a cylindrical water-jacket fitted with suitable diaphragms to protect it 


from air currents, and to limit the radiation received to a small part of the 


sky in the neighbourhood of the sun. When the instrument was exposed 
to the sun, a current of water was kept circulating through the jacket to 
prevent rapid or excessive variations of temperature, and the actual 
temperature of the water-jacket at any time was recorded by means of an 
electrical thermometer. The apparatus was mounted on the tube of the 
20-inch reflector, and the openings in the roof of the hut were arranged to 
permit of continuous records being taken between the hours of 10 a.m. and 
5 P.M., 80 as to include the whole duration of the eclipse. 

Apart from its use for recording the variations of solar radiation, the 
instrument was intended for reducing to absolute measure the readings of 
the coronal thermopile. For this purpose the tube of the telescope was 
provided with a double cover of tin plate fitted with a series of small 
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apertures which could be uncovered at will so as to admit a known fraction 
of the full solar radiation to the coronal thermopile. By comparing the 
readings of the coronal thermopile with the simultaneously recorded readings 
of the absolute bolometer, it was easy to obtain a factor for reducing the 
readings of the thermopile at full aperture taken on the moon or the corona 
to absolute measure. 

Incidentally a comparison was made between the readings of the absolute 
bolometer and one of Angstrém’s pyrheliometers. The two instruments were 
found to agree very closely in the relative values of the radiation over a 
wide range, but the readings of the bolometer were nearly 1 per cent. 
higher than those of the pyrheliometer for a radiation of 1 calorie per 
square centimetre per minute. This may have been due to some accidental 
defect of the pyrheliometer, as the values given by the two strips differed 
by nearly 15 per cent., which appears to be unusual and excessive for this 
type of instrument.* It might also be explained by an error in the method 
of reduction, which does not appear to have received attention hitherto. 
In consequence of the increase of the resistance R of the strip with 
temperature, the heat C?R, generated by the compensating current C, 
increases with rise of temperature, so that it is necessary to use different 
values of the reduction factor, which are tabulated for different temperatures 
as indicated by a small thermometer in the instrument. The thermometer, 
however, merely gives the temperature of the case, and not that of the strip, 
which must be many degrees hotter when the intensity of the radiation 
is so great as 1 calorie per square centimetre per minute. In the Angstrém 
pyrheliometer it is not easy to obtain the actual temperature of the strip 
under these conditions, but in the bolometer, the strips of which are of 
similar width, the rise is found to be upwards of 20°C. By assuming a 
similar rise of temperature in the pyrheliometer strips above that indicated 
by the attached thermometer, and employing the appropriate reduction 
factor, it is noteworthy that the readings of the pyrheliometer would be 
brought into closer agreement with those of the bolometer. 


The Coronal Thermopile. 


Previous observations by Langley and Julius had indicated that the heat 
radiation of the corona must be comparatively feeble, and that it would be 
necessary to employ the most delicate instruments to measure it with 


* Mr. W. E. Wilson, F.R.S., kindly lent me a second Angstriém pyrheliometer, with 
which simultaneous comparisons were made. The two strips of Mr. Wilson’s instrument 
differed rather less from each other, but the mean of the two gave a result 7 per cent. 
lower than the other Angstrim pyrheliometer. 
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certainty. Langley’s observations* were made with a straight bolometer strip 
1 em. long and 1 mm. wide, receiving an image of a slit of the same dimensions 
placed tangentially to a solar image obtained with a siderostat and a mirror 
of 50 cm. diameter and 100 em. focal length. But the aperture actually 
utilised on the corona was limited to 280 sq. cm. by a cat’s-eye diaphragm. 
With this apparatus a negative deflection of 18 scale-divisions was obtained 
on the body of the moon, and 13 scale-divisions on the corona after eight 
reflections at silvered surfaces. The difference of 5 scale-divisions appears 
hardly sufficient to form a satisfactory basis of argument with regard to the 
nature of the coronal radiation. The objection to the straight slit placed 
tangentially to the solar image of less than 1 cm. diameter is that a com- 
paratively small portion of the slit receives radiation from the inner corona. 
A greater effect might evidently be secured by making the bolometer strip 
in the form of a circular arc embracing the image. Two bolometers of this 
kind were accordingly made with circular strips, but otherwise of similar 
dimensions to that employed by Langley. It was found, however, that a 
current of only one-tenth of an ampére raised the temperature of the strip 
nearly 20° C., and the variations of zero due to the heating of the strip 
by the current were too large to permit the employment of a sufficiently 
sensitive galvanometer to give a deflection of the desired magnitude. Langley 
is stated to have employed a current of 0:2 ampére in his observations, which 
would make the heating effect four times as great. The degree of accuracy 
attainable with a bolometer is limited by the disturbance due to the heating 
effect of the current. For a given amount of energy expended in heating the 
strip, the steadiness, other things being equal, will be directly proportional 
to the surface available for dissipation of heat. Bolometers with a small 
receiving surface are, for this reason, necessarily less sensitive than large ones. 
When it becomes necessary to employ a very small receiving surface, as in 
the case of the corona, it is often preferable to employ the thermoelectric 
method, 

The thermopile employed by Julius in his observationst on the corona in 
1901 had a receiving disc 5 mm. in diameter directly exposed to the coronal 
radiation without the intervention of any mirrors to concentrate the rays or 
form an image. The thermopile was fixed at the bottom of a long tube with 
suitable diaphragms, aud measured the total effect of the heat radiation from 
a region of the sky about 3° in diameter surrounding the sun. The differences 
between the scale readings obtained on the corona and on neighbouring parts 
of the sky during totality varied from 0 to 8 seale-divisions, but were rendered 


* * Astrophysical Journal,’ vol. 12, p. 72, 1900. 
+ Published by the Eclipse Committee of the Royal Academy of Amsterdam. 
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uncertain by the continual passage of light clouds. The sensitiveness of the 
instrument was such that it would give a deflection of 23 or 24 scale- 
divisions (estimated) on the full moon, or the equivalent of about 2,000,000 
scale-divisions on full sunshine at 1°25 calorie per square centimetre per minute. 
Assuming that the total radiation of the corona is of the order of one-millionth 
of full sunshine, one could hardly expect by this method to obtain a satis- 
factory measurement of its intensity. 

The coronal thermopile, designed for the 20-inch reflector, had a receiving 
surface consisting of ten small blackened rectangles of very thin copper 
arranged on the circumference of a circle nearly fitting the image of the sun, 
so as to receive the greater part of the radiation of the inner corona, The 
copper rectangles formed the inner junctions of a series of thin bars of 
antimony and bismuth alloys arranged radially on a thin annular dise of mica. 
The outer junctions of the couples were formed by thin copper strips at the 
circumference of the mica disc. The pile was constructed in two halves of 
five couples each on opposite sides of the dise, and the two halves were 
connected either in series or opposition through a suitable switch to the 
galvanometer. The method of construction is shown in fig. 1, but the 
receiving rectangles were more evenly spaced than as shown in the diagram. 

The mica dise carrying the thermopile was suspended in an ebonite ring by 
means of four thin connecting wires attached to terminals fixed in the ring. 
The ebonite ring carried on one side a tube sliding in the eye-piece fitting, by 
which the plane of the thermopile could be adjusted to coincide with the 
focal plane of the mirror, and on the other side a thick metal tube with 
diaphragms to screen the thermopile from draughts and from extraneous 
radiation. The diameter of the innermost diaphragm close to the thermopile 
was 14 mm., so that only the inner junctions were exposed to radiation. The 
end of the telescope tube was provided with a double tin-plate cover 
projecting all round beyond the sides of the tube in such a manner that when 
the tube was directed on the sun, the eye-piece was perfectly shielded from 
direct radiation. 

Great care had been taken in constructing the thermopile to make all the 
elements of equal thickness and the copper receiving surfaces of equal area, 
so that the two halves of the pile might be as nearly equal as possible in 
sensitiveness and thermoelectric power. In order to test this, the two halves 
of the pile were simultaneously exposed to the same radiation. The deflection 
observed when the two halves were opposed was less than one-thousandth 
part of the deflection obtained when the two halves were connected in the 
same direction, the radiation remaining unchanged. This accuracy of 
compensation was very important for the method which it was proposed to 
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adopt. As a subsidiary test, the resistances of the two halves of the pile were 
measured, and found to be 4°56 and 4°62 ohms respectively. Exact equality 
of resistance was not essential, but the result is satisfactory as showing how 
accurately the mechanician, Mr. W. J. Colebrook, of the Royal College ot 
Science, had succeeded in executing the design. 

As a result of this accuracy of compensation, the zero of the galvanometer 
remained extremely steady even under the most trying conditions, with the 


Fic. 1.—Coronal Thermopile. 


To Galv” 





Galv° 


Enlarged about 3 diameters. 


telescope exposed to full sunshine and surrounded by unequally heated objects. 
There was never any difficulty in taking accurate observations, provided that 
the sun was not allowed to shine directly on the eye-piece. At night, and 
during totality, when the disturbing influence of the solar radiations was 
absent, it is hardly necessary to say that no trouble was experienced. 


Methods of Observation. 


The galvanometer employed with the coronal thermopile was of the 
movable-coil type with a plane mirror, 1 inch in diameter, reflecting the 
image of a transparent millimetre scale at a distance of 3 metres into 
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a telescope of 2 inches aperture and 3 feet focal length. With this power 
the definition was so good that it was easy to read to a tenth of a millimetre 
with certainty. The galvanometer was supported on a pier south of the 
telescope and proved extremely steady. The zero seldom shifted by more 
than a small fraction of a millimetre in the course of the day. The suspen- 
sion was of very fine phosphor bronze, giving a deflection of 5 em. nearly 
for one microvolt with the thermocouple in circuit, so that it was possible to 
read to 0:002 of a microvolt. A higher degree of sensitiveness, measured 
merely in scale-divisions per microvolt, might, no doubt, have been obtained 
by using a suspended magnet galvanometer with a small mirror. But it 
would not have been possible to obtain so good optical definition or equal 
steadiness of zero, especially in close proximity to the moving iron tube of 
the equatorial. It is doubtful whether any increase of accuracy could have 
been secured by using a more sensitive galvanometer ; and it is certain that 
the trouble of taking the observations would have been greatly increased by 
the incessant variations of zero and changes of sensitiveness of the suspended 
magnet type. 

In taking observations with the thermopile it was possible either (1) to 
read the deflection of the galvanometer, or (2) to compensate the galva- 
nometer deflection by introducing an opposing E.M.F. of known value into 
the circuit. A preliminary test of the apparatus with the thermopile directly 
exposed to radiation of known intensity, as measured by the absolute 
bolometer, showed a deflection of nearly 25 em. for one-thousandth of a 
calorie per square centimetre per minute, so that radiation one-millionth 
of full sunshine could be detected with certainty without using a mirror. 
When the pile was placed in the focus of the telescope, radiation one 
thousand times smaller than this could be observed, so that even if the 
intrinsic heat radiating power of the inner corona were only one 
ten-millionth part of the solar surface, it could still be measured to within 
1 per cent. 

The direct-deflection method was only suitable for small intensities of 
radiation. Even for observations on the moon the deflection obtained was 
far beyond the limits of the scale, and it became necessary to use the 
compensation method (2). This method, though admitted to be the most 
accurate, is generally regarded as being too slow and cumbrous for quick 
work at high pressure, as during totality. It was found, however, that, by 
a suitable arrangement of apparatus, quicker readings could be secured by 
the compensation than by the deflection method. The arrangement adopted 
is shown in the diagram, fig. 2. A battery, B, of known E.M.F., #, which 
was verified at intervals and found to be extremely constant, sends a steady 
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current through a resistance of 10,000 ohms arranged as a potentiometer, so 
that any convenient fraction 7 could be tapped off by revolving pointers. 
The ends of the resistance 7 were connected through a_ resistance of 
100,000 ohms to a small resistance s in the cireuit of the galvanometer 
and thermopile. The current through the 100,000-ohm circuit would be 
Er x 107°, and the P.D. on the small resistance s would be Hrs x 107°, 
when there was no current through the galvanometer. If 7 and s were 


Fic. 2.—Diagram of Electrical Connections for Compensation Method. 
— Pile 


Galv- 


100,000 ohms 


10,000 ohms 


~ acepreaenlur 


100 ohms each, and # was 3 volts, the P.D. introduced into the galva- 
nometer circuit would be 30 microvolts, correct to about one part in 1000. 
The resistances s and 7 could both be varied from 1 to 1000 ohms, giving a 
range of + 1000 microvolts. 

The obvious advantages of this method, as compared with the usual bridge- 
wire method, are quickness of manipulation and avoidance of errors due to 
variation of resistance at the sliding contacts. A more important advantage 
for thermoelectric work is that the sliding contacts are all in the battery 
circuit, where there is a relatively large electromotive force, so that accidental 
thermal effects, due to exposure of the working parts, or sliding friction, or 
the warmth of the hand, do not affect the galvanometer. 
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Observations on the Sun and Moon. 


Observations were made at frequent intervals on the sun, for the purpose 
of testing the apparatus, and to serve as data for comparison with 
simultaneous readings of the absolute bolometer. As an example, when 
the record of the absolute bolometer showed 1°02 calories per square 
centimetre per minute for direct sunshine, the same sunshine admitted 
through a measured aperture 3 mm. in diameter in the cover of the telescope, 
and adjusted so as to fall on one half of the coronal thermopile, gave an 
E.M.F. which required the resistances 7 = 352, s = 100 ohms to be inserted 
to balance it. When the sun’s image was shifted on to the other half of the 
pile, and the battery reversed, the balancing resistance required was 
r= 348 ohms. Shifting back again to the other half gave 7 = 351, the 
resistance s remaining unaltered. Adding the effects observed on the two 
halves of the pile, and taking # = 291 volts, we find a thermo- E.M.F. 
of 204 microvolts produced in the coronal pile by a known fraction of the 
solar radiation of known intensity. 

The apparatus was erected in time to get some observations with the 
coronal pile on the full moon on the night of August 16, shortly before the 
partial eclipse. This was useful as a test of the sensitiveness of the 
apparatus and of the method of working adopted. The most essential point 
in such observations is to eliminate the variable effects of atmospheric 
radiation, for which the differential method of observation with the two 
halves of the pile appeared particularly suitable. Using the full aperture 
of the telescope, and exposing first one half of the pile and then the other 
to the lunar image by means of the rack-and-pinion motion of the sliding- 
plate on which the pile was mounted, with a resistance s = 10 ohms in the 
galvanometer circuit, the balancing resistance, 7, was found to be nearly 
constant with a mean value of 290 ohms. The E.M.F. of the battery, Z, 
being 2°92 volts, this was equivalent to a thermo-E.M.F. of 17:0 microvolts 
for the whole pile, as compared with 204 microvolts obtained on the sun 
with an aperture of 3 mm., as described in the observation already recorded. 
This makes the radiation of the full moon, neglecting atmospheric absorption, 
as in the case of the sun, about 6°6 micro-calories per square centimetre per 
minute, or about 1/150,000 of that of the sun. The compensation for 
atmospheric radiation was found to be very perfect, and the sensitiveness 
ample, as it would have been possible to detect radiation six thousand times 
smaller than that of the moon. Asa further test of the accuracy of com- 
pensation for atmospheric radiation, a series of similar readings were taken 
in full daylight at 7 AM. on the planet Jupiter. These gave a difference of 
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one-fifth of a millimetre deflection in favour of the planet, which could not 
of course be regarded as a measurement, but illustrates the practically 
complete elimination of atmospheric effects. 

In taking observations on the corona it was intended to apply a similar 
method, making use of the motion of the moon during totality to define 
the exact area of the corona corresponding to the differential reading. At 
the commencement of totality, the thermopile being centred on the sun 
as indicated in fig. 1, the inner corona on the eastern limb would be fully 
exposed, while on the western it would be partly covered by the moon, 
as indicated by the dotted circle. At the end of totality the reverse would 
be the case. The difference of the readings would correspond to the 
radiation of the strip of the inner corona uncovered by the motion of the 
moon between the two readings. The area of the strip of corona considered 
could be accurately determined from the times at which the readings were 
taken. The advantage of this method is that it accurately compensates for 
external disturbances, in addition to giving the radiation from a definite area. 
It was intended to take as a standard of comparison of similar shape the 
radiation of the solar crescent a few minutes after and before totality. It 
would also have been possible to take observations of the total radiation 
of the corona intercepted by the pile at the middle of totality by connecting 
the two halves of the pile in the same direction instead of in opposition. 
But in this case it would have been necessary to take an additional reading 
with the pile directed to a neighbouring part of the sky to determine the 
effect of atmospheric radiation, as in the methods adopted by Langley and 
Julius, and the elimination of atmospheric effect could not for many reasons 
be regarded as being so perfect. 

A number of other readings and comparisons were taken during our stay, 
on the sun and moon, but the examples already given will suffice as illustra- 
tions of the method. 


The Horizontal Bolometer. 


The horizontal bolometer was of the usual type designed for recording the 
vertical component of sun and sky radiation. It consisted simply of a pair 
of platinum thermometers wound on a horizontal mica plate fixed in a sealed 
glass bulb. One of the thermometers being coated with black enamel is 
raised to a higher temperature than the other by exposure to radiation, The 
difference is very nearly proportional to the intensity of the radiation, and 
is automatically recorded on an electrical recorder of the usual type. It is, 
of course, necessary for an instrument intended to be exposed in all weathers 
that the surface receiving radiation should be protected by a glass bulb. It 
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has often been objected that this will cause a very serious error in the record, 
since glass transmits only a small fraction of the radiation, In practice, 
however, it appears that this source of error compensates itself. The glass 
becomes heated and radiates to the enclosed bolometer in practically the 
same proportion as its absorbs. 

This was tested in a very simple manner by making comparisons between 
the horizontal bolometer enclosed in its glass bulb and the absolute bolometer 
with the naked strips directly exposed to the same radiation. When the 
quality of the radiation was varied over a very wide range from a dull-red 
heat to the highest temperature attainable with an incandescent lamp, it 
was found that the ratio of the readings of the two instruments remained 
constant within the limits of error of measurement, showing that the 
selective absorption of the glass did not materially affect the result. When 
exposed to the sun and sky the records are not, however, exactly comparable, 
because the horizontal bolometer takes the vertical component of the total 
radiation, and measures the whole heat received by a horizontal surface, 
whereas the absolute bolometer, when equatorially mounted so as to be 
normal to the sun’s rays, records the normal component and receives only 
a small part of the sky radiation from a region immediately surrounding the 
sun. The full sky radiation may often amount to 30 or 40 per cent. of 
the whole vertical component, according to the state of the sky and the 
altitude of the sun. 


Description of the Records obtained during the Eclipse. 


Although the sky was not clear during the eclipse, a description and 
reproduction of the records obtained may not be without interest, as it is 
the first time that an attempt has been made to obtain records of radiation 
and temperature on so large a scale. The record of the Vertical Component 
obtained with the horizontal bolometer on August 19, reproduced in fig. 3, 
illustrates the type of curve obtained on a clear day with a sky practically 
free from clouds. There are always small, incessant variations of radiation, 
even on the clearest day, which make it necessary to use a recording 
instrument if comparative results of any accuracy are required. 

Fig. 4 shows the record obtained with the same instrument on the day of 
the eclipse. The heavy shower of rain which occurred about 8.40 A.M. was 
practically the only rain which fell during our stay. The sky cleared shortly 
afterwards, and the sun remained clear for half an hour after first contact. 
When it was obscured, the radiation fell from 1-08 cal. to 0°38 cal., the latter 
reading showing that the radiation from the cloud was at that time about 
35 per cent. of the whole. While the sky remained clouded, the radiation 
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gradually fell to a minimum during totality, and then rose with occasional] 
breaks in the curve, due to variations in the cloud bank. The sun reappeared. 
in time for the observation of the last contact. 
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The record with the absolute bolometer shown in fig. 5, extended only 
from 10.10 A.M. to 2.50 p.m. The normal curve which the record should have 
followed on a clear day without eclipse is indicated by the dotted line. 


The record began to fall regularly at first contact, following the predicted 
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Reduced to half size of original record. 


Fie. 5, 
Absolute Bolometer on Equatorial. Aug. 30°", 
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Reduced to half size of original record. 
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curve. As soon as the sun was obscured by clouds the reading fell very 
nearly to zero, because the aperture of the instrument includes only a very 
small part of the sky surrounding the sun. The dotted curve indicates the 
course which the record should have taken if the sky had been clear. 


Fig. 6. 


Air- Temperature by Bare Platinum Grid. Aug.50°. 
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The record of air-temperature shown in fig. 6 was obtained with a bare 
platinum wire wound on an open mica frame, as designed for Brown’s experi- 
ments on the temperature of leaves and air-currents.* The platinum grid 
was suspended at a height of 4 feet in a specially-designed screen, 1 metre 
cube, with a double top and free ventilation. This type of thermometer is 
extremely sensitive and free from radiation error. The scale was 2 cm. to 
the degree centigrade, and illustrates very well the incessant fluctuations, 
which are missed altogether by the usual type of thermograph. 
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Part II]—By A. Fow Ler. 
The Spectrograph. 

The special object of the work with the slit spectrograph was to photograph 
the spectra of the corona and chromosphere in the less refrangible parts of 
the visible spectrum, for which purpose, in consequence of the possible 

* * Roy. Soc. Proc.” January, 1905, p. 124, vol. B. 76, where a figure is given showing 
the details of construction. A simila* thermometer was made shortly afterwards, with 
slight differences of detail, to the design of Mr. E. H. Wade, of the Survey Depart- 


ment, Cairo, and has been employed at Helwan Observatory with very satisfactory 
results. 
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difficulty of obtaining plates highly sensitive to red light, it was considered 
advisable to use a prismatic spectrograph of large aperture. 

The instrument employed was of the Littrow type, having an object-glass 
3 inches in diameter, one prism of 60° and two of 30°, one of the latter being 
silvered on the back and adjusted so as to return the light through the prisms 
and object-glass into the camera. The slit was attached to the side of the 
camera, and light passing through it was thrown on the object-glass by 
a small totally-reflecting prism. The camera was provided with a set of 
multiple plate-holders, kindly lent by Sir Norman Lockyer, and the exposures 
were made by turning a hinged shutter in front of the plate from a vertical 
to a horizontal position. 

This form of spectrograph is very compact, and a high dispersion is 
economically obtained. With the instrument in question, the linear disper- 
sion from C to F was 54 inches, and with the slit set to m = 2 on Newall’s 
“ diffractional indicator ” scale, the actual purity of spectrum realised on the 
photographic plates was about 13,000 in the neighbourhood of the green 
corona line. 

The spectrograph was used in conjunction with a 12-inch ccelostat, and the 
image on the slit was produced by a 6-inch objective of 76 inches focal length. 
The spectrograph itself was supported horizontally on a large packing-case 
inside a hut, while the object-glass and ccelostat rested on piers outside. The 
point of second contact in the image formed after reflection from the ccelostat 
was almost exactly at the extremity of a horizontal diameter, so that the flash 
spectrum would be depicted under the most favourable conditions, providing 
that the image could be kept tangential to the sun’s limb. 

To facilitate the working of the combination, two finders were attached to 
the spectrograph, one giving a direct view of the sun as seen in the ccelostat 
mirror, and the other utilising the spectrum reflected from one of the prism 
faces. The eye-piece of the latter was close to the camera, a mirror being 
introduced to send the light in the required direction. This arrangement 
was invaluable, as by its aid one could observe the exact counterpart of the 
spectrum presented to the photographic plate, and by means of a long rod 
attached to the fine adjustment of the ccelostat, the position of the sun’s 
image on the slit could be controlled without removing the eye from the 
finder. No difficulty was accordingly anticipated in photographing the flash 
spectrum, even with the slit tangential to the sun’s limb at the point of 
contact. 

After many trials, made both in England and Spain, the plates selected for 
use during the eclipse were “Seed” plates sensitised for the visible spectrum 
by soaking for four minutes in a bath of pinachrome and, after washing in 
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distilled water, drying as quickly as possible. Very promising results were 
obtained with these plates in experiments on photographing the brighter 
chromospheric lines before the eclipse. 


Fie, 7.—The Slit Spectrograph. 





a. Slit. 


b. Handle for operating exposing shutter. 

ec, Finder for viewing spectrum retlected from prism face. 
d. Finder for viewing sun in ccelostat mirror. 

e. Rod for fine adjustment of ccelostat mirror. 

7. Repeating back and dark slide. 


The exposures for totality were planned as follows :— 


(1) “Go” to 200... For flash spectrum. 

(2) 198  ,, 190... For upper chromosphere. 

(3) 188 ,, 30... For coronal spectrum, including brighter chromo 
spheric lines for determination of positions. 

(4)* 15 ,,“ Over” For flash spectrum. 


* Image readjusted between 3 and 4. 
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It was ulso intended to make 20 additional exposures on the cusps at 
intervals before and after totality, but the state of the sky was entirely 
unfavourable even for this part of the programme. 

As a general remark, it may be mentioned that the constantly changing 
azimuth of the reflected beam of sunlight coming from the ccelostat caused 
a great deal of labour, which might have been avoided if a siderostat had 
been available for the work. The whole spectrograph and the image lens 
had to be readjusted, at least once a day, in order to maintain full illumination 
of the prisms, and ina temporary observatory this was a matter of considerable 
difficulty. Moreover, the ecelostat has the additional disadvantage that there 
is only one fine adjustment, moving the image in a direction inclined to that 
of the slit, so that, in passing from one liinb of the sun to the other, it was 
necessary to displace the object-glass as well as to use the fine adjustment, 
With a siderostat, on the other hand, the spectrograph might be collimated 
once for all, and any desired part of the sun brought on the slit by means of 
the mirror adjustments. 


Spectroscopic Observations. 

To supplement the photographic work, it was arranged to make visual 

observations of the spectrum of the corona during the long exposure with 
the spectrograph, and, after totality, to repeat the interesting observations 
made by Sir Norman Lockyer during the eclipse of 1882.* 
_ The instrument provided for these observations was an Evershed solar 
spectroscope of high resolving power, adapted to an excellent 44-inch Cooke 
equatorial, which was very kindly placed at the disposal of the expedition by 
Mr. Shackleton. 

The complete series of observations contemplated was as follows :— 

Before Commencement of Eclipse—To record the appearances and positions 
of the prominences. 

At Beginning and End of Eclipse—To determine the times of first and 
fourth contacts by the spectroscopic method. 

Shortly Before Totality—To observe the spectrum of the large spot near 
the east limb, in order to determine the effect of reduced sunlight, in 
connection with Evershed’s suggestion, that the majority of unaffected lines 
in the spectrum of a spot may be due to diffused photospheric light.+ 

During Totality—(1) To examine the “continuous ” spectrum of the 
corona, especially near b, with the view of obtaining further information as 
to the “ribbed” structure noted by Sir Norman Lockyer in 1882. 


* * Roy. Soc. Proc.,’ vol. 34, p. 296. 
+t ‘Astrophysical Journal,’ vol. 5, p. 248. 
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(2) To observe the structure of a portion of the inner corona as seen with 
a wide slit in the light of the green line. 

(3) To search for the coronal lines between D and the green line suspected 
by Young and Harkness, and also to search for indications of iron lines. 

After Totality—To note how long the green line could be seen after the 
end of the totality, and to investigate the relative brightness and extensions 
of the are and enhanced lines of iron at the cusps. 

In addition to the above, half a minute was to be devoted to sketching the 
green coronal ring as seen with a direct-vision spectroscope of considerable 
dispersion, the collimator of course being removed. 

On account of the unfavourable weather, only a very small part of this 
programme was actually carried out: namely, the determination of the 
times of first and fourth contacts, details of which have already been given, 
and the observation of the prominences before the eclipse commenced. 

The large group of prominences on the eastern limb, reported by all 
observers who were favoured with clear sky, was well seen between 10.35 
and 11.5, but even more interesting was a small intensely bright metallic 
prominence on the western limb, at a position angle recorded as 306°, 
counted from north through east. In the spectrum of this prominence, the 
6 and D lines were exceptionally bright, as were also a great number of other 
lines ordinarily seen in such eruptions. The observations may possibly be of 
interest in investigations of the coronal structure in this region, and in case 
of error in the determination of absolute position angle, it may be useful to 
add that the eruption was about 149° from the middle of the large group, 
reckoned through the north point. Several other prominences were also 
observed, but they were mostly small and not very bright. As a general 
remark, it was noted that the whole chromosphere appeared to be 
considerably disturbed, and reversals of the D lines were observed in 
unusually high solar latitudes. 

It may be added that considerable activity was shown in the large spot 
near the east limb. The C-line was reversed and distorted in several places, 
and Ds was distinctly visible as a dark line in the neighbourhood of the spot. 
On the day after the eclipse similar appearances were again seen at C and 
D3, and the D and d lines were clearly reversed over the umbra. 


Part 1V.—1. By W. Smack.eron, A.R.C.S., F.R.A.S. 
40-foot Coronagraph and Prismatic Camera. 


Originally it was intended that the coronagraph used by Mr. Maunder 
in Mauritius* should form part of the equipment of the expedition, but 


* © Roy. Soc. Proc.,’ vol. 69, p. 256. 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


24 Profs. H. L. Callendar and A. Fowler. [ Oct. 19, 


towards the middle of May Mr. Maunder received an invitation to join the 
Canadian expedition to Labrador, and it was agreed that he should again 
have the use of this coronagraph. 

The replacement of an instrument for this work at so late a date was a 
serious embarrassment, but fortunately the expedition was helped out of 
the difficulty by the generosity of Dr. Copeland, who kindly placed at our 
disposal the 40-foot lens and large direct-vision prism which he had 
successfully used in 1898 and 1900. 

It was decided to use the instruments according to Dr. Copeland’s plan, 
viz., to use the lens alone as a coronagraph during the greater part of 
totality, and conjointly with the prisrh as a prismatic camera near the 
beginning and end of totality. 

Instead of. pointing the instrument to the sun or using a stationary 
mirror, however, it was proposed to employ a ccelostat and keep the camera 
horizontal, using stationary plates. 

The equipment therefore consisted of— 


(i) A Dallmeyer lens 38 feet 6 inches focal length of 4-inch aperture. 

(ii) A D.V. prism, direct for \ 3890, of about 4-inch clear aperture. This 
was mounted on a platform in front of the objective, and could be inserted 
or withdrawn as required. 

(ui) A 12-inch ccelostat. 

(iv) A camera for use with above, as described below. 


In order to provide for the daily change in azimuth of the reflected solar 
beam from the ccelostat, it was arranged that the objective and plate-holder 
should be connected together.by a rigid camera body, in order that the two 
might be moved sympathetically. 

This body was built up of tapered lattice girders (of mild steel) for sides, 
with similar lattice bracings top and bottom; the whole unbolted into four 
flat pieces for transport. 

Kach end of this skeleton tube was lined with a mahogany box for a 
distance of about 4 feet. The one at the narrow end carried the object- 
glass, immediately in front of which was the platform for supporting the 
prism. At the wider end an adjustable sliding box, divided into a large 
and small chamber by an inner partition, fit into the outer mahogany 
lining; a repeating back, into which the plate-holder fitted, was attached 
to the larger of these chambers, whilst the smaller chamber was provided 
with ground glass at the camera end, the other end being open to the object- 
glass ; the use of this latter portion is explained below. 

For making the exposures a balanced double-flap shutter was designed ; 
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this was contained in the larger chamber, a few feet in front of the plate, 
and was operated by a lever. 

As explained previously, it was intended that the prism should be drawn 
in front of the object-glass at the beginning and towards the end of totality, 


Fie. 8.—Camera end of 40-foot Coronagraph and Prismatic Camera. 





a. Repeating back and dark slide. 
b. Ground glass screen for observation of less refrangible part of spectrum. 
c. Handle for operating exposing shutter. 


when photographs of the coronal and flash spectra were to be taken on 
plates 615 inches, the longer edge being in the direction of dispersion. 
This length of photographic plate was only sufficient to include the spectrum 
from about Hg to some part in the ultra-violet, and the visible portion 
of the spectrum fell on the ground glass attached to the small chamber on 
the right of the plate-holder; hence the spectroscopic phases of the eclipse 
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could be visually observed and simultaneously photographed ; by this means 
it was anticipated that the flash spectrum might be secured both at the 
beginning and end of totalitv. During the greater part of totality the 
prism was to be removed, and photographs of the corona obtained on plates 
12 x 15 inches. 

It is only to be regretted that the weather proved unfavourable, and that 
the apparatus above described had not an opportunity of being put into use 
and its novel points tested. 


2, By E. H. Rayner, M.A. 


When I arrived at Castellén, on August 16, the ccelostat had already been 
adjusted and the piers built for the tube, but two days were occupied in 
adapting the exposing shutter and fitting a ground glass for the visual 
observation of the red end of the spectrum as designed by Mr. Shackleton. It 
was decided to use a ground glass rather than an eye-piece, as it would not 
require such close observation, and would allow a greater part of the spectrum 
to be seen. Horizontal lines were drawn on the ground glass at the limits 
of the continuous spectrum as calculated for 60, 20, and 10 seconds before 
totality, to serve as time signals for the whole camp. To accurately adjust 
these lines to the spectrum, the frame holding the ground glass was provided 
with a vertical motion and the necessary clamping screws. 

Another signal at 10 minutes before totality was to be observed on the 
direct image of the sun, for which purpose a circle of the same diameter, 
4 3/16 inches, was drawn on another piece of ground glass, and the angular 
extent of the cusps, 178°, marked upon it. This could have been superposed 
on the sun’s image, and the time so obtained. 

To render the camera light-tight, 60 yards of black sateen were wrapped 
in a spiral round the frame, so that there were two thicknesses everywhere. 
This was found quite satisfactory. In addition, a wooden frame was built 
over the tube to carry canvas sheets, in order to keep off the direct rays of 
the sun. 

Considerable difficulty was experienced with the ecelostat clock, the sun’s 
image in the camera having at first an oscillating motion of } inch every 
two minutes, corresponding with the period of the driving screw. As the 
result of some days’ work, however, this was reduced to about 1 /30 inch. To 
produce this improvement, the socket in the worm wheel on the driving screw 
spindle was filed on one side and packed with a small piece of metal on the 
other, and both worm and driving screw had to be pressed so tightly into 
the parts driven by them that the clockweight had to be doubled. The 
further diminution of the periodic error which appeared, without anything 
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being done except the running of the clock in the usual course of trials, may 
probably be attributed to the action of dust in grinding the parts to a 
better fit. 

“Squaring-on ” the objective was very easily and quickly done by obser- 
vation at the camera end of the images of a small electric torch reflected 
from the various surfaces of the lens. 

Visual focussing of the sun on the ground glass was found to be greatly 
facilitated by keeping the ground glass in motion. By this means fine detail, 
such as the components of a dispersing sun spot, which were otherwise com- 
pletely invisible on the ground glass, became very useful for focussing upon. 
This was in fact the only practicable method of focussing on the sun’s image 
with the apparatus provided. 

Attempts were made to obtain the actinic focus by direct exposure of very 
slow plates on the sun, but the results were unsatisfactory in consequence of 
over-exposure and air tremors, and recourse had to be made to photographing 
a star. The brightest that could be projected into the camera was y Aquile, 
and the results showed a close agreement between actinic and visual focus. 

A thorough investigation of any difference between visual and actinic focus 
of such a lens might usefully be made before the departure of an expedition, 
as a temperature change of some 3 inches in the focal length necessitates 
visual focussing just before exposure, with any allowance that may be 
required for difference between the two foci. The definition of the lens and 
mirror combined left nothing to be desired, and would well repay the greatest 
care taken with the mechanical adjustments. 

It is also very desirable that the interesting point of change of focus with 
temperature should be fully investigated. 

It may be useful to put on record the exposures which were decided upon. 
They are given in “eclipse times” in the following table, the duration of 
totality being 205 seconds. 








Number of : | 
late, Begin. End. : Remarks. 
Dudipedwedass —10 —- § For spectrum. 
Mekihweecncbet Go” 200 33 
Pe a 195 180 9 
) 
4 170 150 Prism removed for corona. 
Mina snesavecn 140 85 - 9 
iS dries: 75 65 "9 » 
a Nctapasdhes 55 25 Prism inserted for spectrum. 
5S eee ee eee eee 22 15 ” ” BE | 
OT srkcencexnts 10 “Over” Th ” ” 
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Sir William Abney’s intensity scales were impressed on the corona plates 
by the light of a standard candle on the night before the eclipse. 

Mention should be made of the fact that had the clouds cleared away suffi- 
ciently soon to allow of photographs being taken during totality, valuable 
time would have been required to set the image properly in the camera, as 
the clock had no maintaining power to keep the image in position during the 
necessary windings. 

The general design of the apparatus was very satisfactory, but a half-plate 
focal plane shutter, adapted for trial photographs of the sun for focussing 
purposes, would be a valuable addition. 





Total Eclipse of the Sun, 1905, August 30. Prelimanary Account 
of the Observations made at Sfax, Tunisia. 


By Sir Wriu1aM Curisti£, K.C.B., Astronomer Royal. 


(Received October 16, 1905.) 


I. General Arrangements. 


An expedition to observe the total solar eclipse of August 30 having 
been sanctioned by the Admiralty, it was arranged, in concert with the 
Joint Permanent Eclipse Committee, that a party from the Royal Observa- 
tory should make observations at Sfax, a town on the north coast of Africa, 
about 150 miles south of Tunis. The programme of observations consisted 
of photographs of the corona on various scales for coronal detail and 
streamers, and photographs of the spectrum of the corona and chromosphere. 

The observers from Greenwich who took part in the expedition were 
Sir William Christie, Mr. Dyson, and Mr. Davidson. Professor Sampson, 
Mr. J. J. Atkinson, and Captain Brett, D.S.O., generously volunteered their 
assistance and shared the work of erecting and adjusting the instruments 
as well as of the observations on the day of the eclipse. 

The Admiralty gave instructions that H.M.S. “Suffolk” should convey 
the observers and instruments from Malta to Sfax and should assist in 
the preparations and in the observations on the day of the eclipse. The 
expedition is greatly indebted to Captain Beatty, D.S.0., and to the officers 
and men of the “ Suffolk” for their assistance and hearty co-operation. 

We are indebted to M. Fidelle, Controleur and Vice-Consul (the representa- 
tive of the French Government) and to the Mayor and Municipality for a 
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The Fluted Spectrum of Titanium Oxide. 


By A. Fowter, A.R.CS., F.R.A.S., Assistant Professor of Physics, Royal 
College of Science, South Kensington. 


(Communicated by H. L. Callendar, M.A., LL.D., F.R.S., Professor of Physics, 
Royal College of Science, S.W. Received May 18,—Read June 20, 1907.) 


[Prate 6.] 


In a previous paper* it was shown that most of the dark flutings which 
= are characteristic of the spectra of Antarian or third type stars correspond 
‘with flutings which appear in spectra obtained from oxide and chloride of 
— titanium, but it was then uncertain whether the flutings originated in the 
© vapour of the oxide or in that of the metal itself. 

The purpose of the present communication is to give an account of the 
observations which have led to the conclusion that the flutings in question 
‘= are produced by a compound of titanium with oxygen, and to give a revision 
= of the table of wave-lengths based upon photographs taken with increased 


dispersion. 


May 2021 
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The Oxide Origin of the Flutings. 
The general principle underlying the investigation was the very simple one 
« that if the “ Antarian” flutings were due to the e/ement titanium they should 
& appear, under favourable conditions, in the spectra of compounds of the metal 
‘% with different elements, whereas if they were produced by the oxide they 
would only appear when the metal was combined with oxygen, or was able 
to combine with it during the experiment. 

The most decisive results have been obtained from experiments with 
titanium chloride (TiCl,), a heavy volatile liquid, the vapour of which rapidly 
combines with oxygen on exposure to moist air and forms dense fumes of 
titanium oxychloride. On account of this affinity for oxygen, considerable 
care is necessary in attempting to obtain the spectrum of the chloride without 
contamination with that of the oxide. The observations have shown, 
however, that not only is the spectrum of the chloride free from the Antarian 
flutings, but that it is characterised by a perfectly different group of fiutings 
in the blue which does not occur in the stellar spectra. This “ chloride 
group, a3 it may be conveniently called for purposes of reference, is a some- 
what complicated cluster of flutings fading towards the violet, having three 
principal heads at wave-lengths 4199-5, 4192°7, and 4188°0, of which the 
middle one is the brightest. 


* *Roy. Soc. Proc.,’ vol. 73, p. 219, 1904. 
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Experiments with metallic titanium have also indicated that the Antarian 
flutings are only produced in the presence of oxygen. Particulars of the 
experiments are as follows :— 

(1) Vacuum tubes containing the vapour of titanium chloride were prepared 
in the usual manner, but it may be remarked that, in consequence of the low 
conductivity of the vapour, the most satisfactory results were obtained with 
tubes giving a total length of discharge not exceeding two inches. When the 
capillary tube was very narrow, little more than a line spectrum was observed, 
even when there was no jar in the circuit; there was just a trace of the 
chloride flutings already mentioned, and enhanced as well as are lines of 
titanium were well brought out. In the spectrum of the bulb, however, the 
chloride group was a conspicuous feature, and enhanced lines were not seen, 
while are lines were numerous. When a tube of wider bore was chosen, the 
spectrum of the capillary corresponded very closely with that of the bulb in 
the previous experiment. In each case, the passage of the jar spark resulted 
in the appearance of the line spectrum of chlorine and the almost total 
suppression of that of titanium. 

No traces whatever of the Antarian flutings were obtained in these 
experiments, although the presence of the chloride group of flutings indicated 
that the electrical conditions in some cases were not unfavourable for 
their production, if their existence depended only upon the presence of 
titanium. 

(2) The spectrum of titanium chloride was further investigated by 
introducing some of the liquid into a tube containing dry nitrogen at 
atmospheric pressure. 

A tube 2 cm. in diameter and about 10 cm. in length was sealed at one end 
and provided with platinum electrodes, having a sparking distance of about 
lcm. Through a rubber stopper at the other end two smaller tubes were 
passed, one for the admission of any desired gas and the other for the escape 
of the gas driven out. The admission tube was of - form, and attached to the 
vertical arm by a rubber connection was a previously prepared tube contain- 
ing a small quantity of titanium chloride. This receptacle consisted of a 
piece of glass tubing about 3 cm. long, drawn out and sealed at its lower end, 
and scratched with a file so that it might be easily broken; a short piece of 

rubber tubing was attached at the other end, and when a suflicient quantity 
of the liquid had been poured in to fill both glass and rubber tube, the latter 
was closed with a pinch-cock. In this way a sample of the liquid practically 
free from oxide was secured, and it could be introduced into the sparking tube 
when desired without further exposure to the external air. 

The apparatus having been thoroughly dried by a current of warm dry air, 
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it was filled with nitrogen, and the titanium chloride was then admitted by 
breaking off the end of the tube containing it. Even after all the precautions 
taken to exclude moisture, there was a very slight formation of fumes on the 
exposure of the liquid, which, however, subsided in a few minutes. On 
passing the spark (without jar) numerous lines of titanium{and the chloride 
group of flutings were seen, but there was no trace of the Antarian series of 
flutings. When the jar spark was passed, the chloride flutings were abolished, 
and enhanced lines of titanium were strongly marked. 
—{ To carry the experiment a stage further, the nitrogen was replaced by dry 
@ oxygen, and the trace of oxychloride fumes again resulting from residual 
=>moisture was allowed to subside. On passing the spark the Antarian series 
= of flutings formed the most prominent feature of the spectrum, but the 
= chloride group was also visible. 
(3) A similar experiment in which the sparking tube was filled with dry 
SOhydrogen gave an identical result. That is, the chloride group of flutings 
5p Was visible, while the Antarian series was absent. In this experiment 
= a purple deposit, presumably of titanous chloride (TigCls), was formed on the 
<4 walls of the tube. 

(4) Experiments on the are spectrum of titanium chloride (on iron poles) 
in an atmosphere of dried nitrogen were also made. Under these conditions, 
2 the line gpectrum of titanium and the chloride group of flutings were well 
3 developed, but the Antarian flutings were excessively feeble and the traces 
observed were probably due to residual oxygen or moisture, as a thin white 
=: deposit was formed on the poles. With an atmosphere of oxygen, however, 
the Antarian flutings came out strongly. 

(5) In another series of experiments, the arc was passed between iron 
poles, charged with metallic titanium, in an atmosphere of dried nitrogen. 
Only feeble traces of the Antarian flutings were seen, and these may again 
be sufficiently accounted for by residual oxygen or moisture. The flutings, 
however, were well developed when oxygen or air were substituted for 
nitrogen, but in neither case was the chloride group observed. 

(6) As already noted in the previous paper, the Antarian flutings are also 
visible under the following conditions :— 

(a) Arc in air between carbon poles well charged with oxide of titanium, 
the flutings being best seen in the “flame” when the arc is 
long. 

(6) Spark, without jar, through fumes of oxychloride of titanium; with 
a spark of suitable intensity, the line spectrum is almost eliminated, 
but there is a continuous spectrum of considerable strength which 
doubtless arises from particles which are incompletely volatilised. 
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(c) Oxy-coal-gas flame, fed with the fumes of titanium oxychloride; the 
flutings are in this case not easily seen on account of the bright 
continuous spectrum which is also present. 


These observations do not seem to admit of any other conclusion than that 
the flutings represented in the spectra of Antarian stars are produced by 
a compound of titanium with oxygen, and not by the vapour of the metal 
itself. 

The result is of some importance as indicating that the source of the fluted 
absorption in the Antarian stars is at a temperature low enough to permit 
the formation of a chemical compound, and also as demonstrating the 
presence of oxygen, of the existence of which in these stars there is other- 
wise no direct evidence. The investigation has lately gained additional 
interest in consequence of Professor Hale’s discovery of some of the less 
refrangible flutings in the spectra of sun-spots.* 


The Wave-lengths of the Flutings. 


The identification of the flutings of the Antarian stars with those of 
titanium rested upon such a great number of apparent coincidences in 
position, and similarity of appearance, that it was almost independent of 
a very precise knowledge of the wave-lengths, and was sufficiently justified 
by the wave-lengths derived from photographs taken with the moderate 
dispersion then available. No further determinations of the positions of 
the stellar bands have been published, but the application of a more 
powerful spectrograph has made it possible to determine the wave-lengths of 
the terrestrial flutings with much greater precision. The instrument 
employed was a very efficient one of the Littrow form, having one prism of 
60° (wp = 1°6467) and a focal length of 12 feet, the effective aperture 
employed being 1} inches. The spectrum is photographed in sections on 
plates 12 x 24 inches, and the linear dispersion ranges from 16 tenth-metres 
per millimetre at 7100 to 2°7 tenth-metres per millimetre at 4350. 
With this dispersion the heads of many of the flutings are found to be more 
complex than was formerly suspected, but neither this nor the corrections of 
the wave-lengths affects the probability of identity with the stellar flutings. 

Many experiments have been made in order to produce the fluted 
spectrum as free as possible from superposed lines. The uncondensed spark 
passed through the fumes from titanium chloride is possibly the best way of 
obtaining this result, but the photographic registration with high dispersion 
is difficult. The most convenient method yet found is to volatilise titanium 


* ¢ Astrophysical Journal,’ vol. 25, p. 75, 1907. 
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oxide in the electric arc between iron poles, and the photographs reproduced 
in Plate 6 were obtained in this manner. 

Under these conditions, the “line” spectrum of titanium is not strongly 
marked, and iron is only represented by the brighter lines of its flame 
spectrum. Nearly all of these metallic lines appear on the more refrangible 
side of D, and are strongest towards the blue. The flutings which occur in 
the flame of the iron are do not appear to contribute appreciably to the 
combined spectrum of iron and titanium oxide. Incidentally, the photo- 
graphs admirably illustrate the simplicity of the line spectrum of iron in the 
are-flame. 

For the determination of wave-lengths, the reference lines employed were 
those of iron and titanium occurring with the flutings, whenever suitable lines 
were available for the purpose. In many cases, however, and in the whole 
region on the red side of D, the reference lines were selected from a spectrum 
of the iron are photographed in juxtaposition with the fluted spectrum ; the 
shutter for exposing the two parts of the slit was entirely detached from the 
spectrograph, and there was no evidence of relative shift of the two spectra in 
the plates measured. 

The adopted positions of the reference lines were those given by Rowland 


in his table of solar spectrum wave-lengths, and the interpolation was made 


in the usual manner by the Cornu-Hartmann formula, For the part of the 
Spectrum less refrangible than 6860, in which Rowland does not tabulate any 
lines of iron, lines of the are spectrum were first identified with solar lines and 
the corresponding solar wave-lengths adopted. The wave-lengths given in the 
table are stated to two places of decimals, except in the extreme red, where 
the dispersion is relatively small, and in cases where the edges of the flutings 
are not very sharply defined. 

No attempt has yet been made to tabulate the thousands of fine “ structure 
lines” which compose the flutings, but all the “heads” and “ sub-heads” 
which could be identified as such have been included. Some of the more 
marked details in the heads, probably consisting of relatively strong structure 
lines, or clusters of such lines, have also been measured ; for want of a better 
term, they are described as “maxima.” The classification into heads and 
sub-heads is somewhat arbitrary in many cases, and it should be explained 
that some of the heads are classed as such, not because they are prominent 
features of the spectrum, but because of their probable association in series 
with stronger heads in the groups to which they belong. 

With the high dispersion employed, the heads of some of the fainter 
flutings, especially in the region more refrangible than F, almost lose their 
distinctive characteristics, and their identification has only been possible in 

VOL. LXXIX.—a. 2N 
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some cases by comparison with photographs taken on a smaller scale. It has 
been considered desirable to include these for reference in comparisons with 
stellar spectra, which are usually photographed with moderate dispersion, and 
also because of their possible use in investigations of the series relationships 
of the various flutings. 

The relative intensities of the flutings are roughly shown by the numbers in 
the second column of the table, and an attempt is made in the third column 
to indicate the general characteristics by symbols having the pri. 
significance :— 


(a) The fluting fades out rapidly, and is not clearly resolved with the 
dispersion employed. These appear as lines with a slight shading 
towards the red, 

(5) The fluting fades away more gradually, and the structure lines are very 
closely crowded together. 

(c) The fluting resembles those of class (0), except that the structure lines 
are more clearly separated. 

(ad) The structure lines are widely separated, and extend over a long range. 


For convenience of description in the table, the flutings are classed in 
numbered groups, into which the spectrum seems naturally to divide itself. 
It is not possible, however, to convey an adequate idea of so complex 
a spectrum by means of a table alone, and reference should be made to the 
reproductions of the photographs given in Plate 6. The first four strips, 
representing the spectrum from 4580 to 7200, have been enlarged 1°8 
times from the original negatives, and the attached scale of wave-lengths will 
facilitate comparison with the table. Lines due to iron are separately 
indicated, as also are those arising from impurities of sodium, calcium, and 
lithium in the material employed. The superposition of iron lines on the 
flutings beginning at 4954°8, 5167-0, and 54485, tends to conceal the 
character of the heads, and reproductions of photographs taken with carbon 
poles are accordingly given in the fifth strip, the enlargement here being 
3'5 times. In this case most of the iron lines are absent, but titanium lines 
are generally more numerous throughout the spectrum. 

The photographs of the less refrangible parts of the spectrum were taken 
on Messrs. Wratten’s “ Verichrome” and “ Panchromatic” plates, which gave 
uniformly good results. 











1907. ] The Fluted Spectrum of Titanium Oarde. 515 
| The Fluted Spectrum of Titanium Oxide. 
“i cit Intensity. Character. Remarks. 
4353 *68 2 d Ist head of 14th group. 
4395 *05 2 d 2nd head. 
4421 -66 1 d Sub-head. 
4436 °68 2 d 3rd head. 
= 4462 *34 3 ad Ist head of 13th group. 
S 4462 *70 3 — A “maximum” in head. 
on 4506 “08 2 d 2nd head. 
= 4506 "62 2 — A maximum in head. 
oS 4548 “04 2 d 8rd head. 
> 4548 *30 2 — A maximum in head. 
In 
a 4584 *62 3 d- 1st head of 12th group. 
= 4584 “92 3 _- A maximum in head. 
2 | 4586-78 3 d Sub-head, 
OD 4587 *20 3 _- A maximum in sub-head, 
5 4626 *49 4, d 2nd head. 
en 4628 “68 + d Sub-head, 
s 4668 *82 4 d 3rd head. 
= 4669 “19 4 — A maximum in head. 
— 4671 °26 3 d Sub-head. 
= 4671 °66 3 — A maximum in sub-head. 
= 4761 ‘08 5 d 1st head of 11th ne. 
ome 4761 °37 5 — A maximum in h 
‘5 4761 -86 5 — ‘“ 
o 4764 °52 5 d Sub-head. 
an re 5 d _| 2nd head, included in cluster. 
& 4807 °42 4 d Sub-head. 
Bae Let 3 d | Srd head, included in cluster. 
& | 4893-00 2 d 4th head. 
= 
= 4954 °78 6 d 1st head of 10th group, sharply defined. 
O 4955 °26 6 — A maximum in head. 
eis 4957 °21 6 d ar ve 
: d 2nd head , : 7 : . , , 
2 tie = ; d 3rd head ? } Identification dificult with high dispersion. 
9) 
ac) 5167 ‘00 7 d 1st head of 9th group, sharply defined. 
= 5167 *50 7 —- A maximum in head (not Mg line). 
S 5169 ‘51 7 d Sub-head. 
© 5240 *71 5 d 2nd head, structure lines very wide apart. 
aC 5241 ‘00 5 -- A maximum in head, 
5307 ‘92 3 d Sub-head. 
5308 +14 3 -—— A maximum. 
5356 21 2 d Sub-head. 
5356 *86 2 -- A maximum, 
5359 °07 3 — A maximum, or ? sub-head. 
5359 “51 2 _— A maximum, 
5361 “22 3: ~~ * 
5391 °05 2 — A maximum, or ? sub-head. 
5448 -48 7 d Ist head of 8th group, sharply defined, 
5449 -O07 7 — A maximum in < 
5451 -32 7 d Sub-head, 
5496 *79 5 d 2nd head, 
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Ratt | Intensity. | Character. | Remarks. 
| | 
5597 “92 10 a 1st head of 7th group, sharply defined. 
5603 "98 5 b Sub-head. ih iad 
5629 *53 8 a 2nd head. 
5635 “54 5 b Sub-head, 
5661 °68 6 a 8rd head. 
5667 “81 4 b Sub-head. 
5694 *56 5 a? 4th head, 
5728 °13 4 a? 5th head. 
5760 "15 4 b 1st head of 6th group (followed by Ti 62 °48 and Fe 63 -22), 
5790 “86 4 b Sub-head. 
5811 *28 ao b 2nd head. 
5815 “14 4 -- A maximum, or line. 
5846 *70 4 b Sub-head, 
5863 “55 + b 3rd head (probably). 
5872 ‘9 3 b Sub-head. 
5905 ‘1 3 b 5 
5954 "66 3 b Ist head of 5th group (relatively inconspicuous). 
6006 °5 3 b 2nd head. 
6057 *6 2 b 3rd head. 
6149 ‘2 5 a? A doubtful head. 
6158 *86 10 a 1st head of 4th group. 
6162 “37 8 — Sub-head? Perhaps wholly Ca line. 
6174 *60 10 a 2nd head. 
6183 °83 4 b Sub-head. 
6186 °77 8 a 3rd head. 
6190 *07 5 é Sub-head, 
6215 °35 8 a 4th head. 
6222 °72 6 b 5th head. 
6268 °35 4 b Sub-head. 
6275 *70 3. 6 as 
6321 °0 2 c + 
6321 °8 2 — A maximum in sub-head. 
6350 °6 2 b Sub-head, 
6357 “9 3° e 1st, head of 3rd group (relatively inconspicuous). 
6384. "4 3 ec 2nd head. 
6400 *1 2 b Sub-head, 
6416 0 3 b 8rd head. 
6448 *2 oo b 4th head. 
6479 “4 + b 5th head. 
6484 *0 4 — Sub-head ? or cluster of lines. 
6512 °8 4 b 6th head. 
6544 °5 4 c 7th head, 
6550 *2 4 —: A maximum. 
6551 °8 +b — ” 
6562 °5 3 c Sub-head. 
6579 5 3 e" ” 
6594 °5 3 — A maximum. 
6626 °3 + oa ” 
6634 “4 3 b | Sub-head. 
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Wave- Intensity. | Character. Remarks. 
length. | 
6651 °5 8 b 1st head of 2nd group. 
6681 °0 8 b 2nd head. 
67141 8 b 8rd head. 

6748-0 8 b 4th head. 
6782 °0 8 c 5th head. 

, 6815°1 5 ) e 6th head. 

— 6850-0 5 

| 68525 | } P 7th head. 

6883'S 4 | ce _ | 8th head. 

«6919 4 4 ) e 9th head. 

6951-8 2 ce 10th head. 

+6988 °8 2 -¢ llth head, 

) 

«70545 10 a Ist head of Ist group. 
7059 “6 4 b Sub-head. 

| 7087 ‘8 10 a 2nd head. 

| 7092°9 4+ b Sub-head. 
7125 °5 10 a 3rd head. 
7130 °6 4 | jb Sub-head. 

7158-9 3 | a _ | 4th head? 

| 7197 °7 2 | a 5th head ? 


Reference to Stellar Bands. 


The use of greater dispersion has removed*the doubt as to the agreement of 
the 7th group of flutings with Dunér’s stellar band No. 4, to which reference 
was made in the former paper. It is now evident that the appearances 
described as “lines” near 5598, 5630, and 5662 are really the heads of short 
flutings of class a, as might have been suspected from the near equality of 
the intervals separating them from the weaker but more obvious flutings 
(when seen with small dispersion) at 5604, 5636, and 5668. This group, 
therefore, begins with the fluting at 5597-9, and there is no longer any 
uncertainty as to its general correspondence with the stellar band, for which 
Father Sidgreaves gives the wave-length 5597. 

Evidence as to the presence in stars of the first group of titanium oxide 
flutings, beginning at 7054°5, is afforded by the recent photographs of the 
spectrum of Omicron Ceti taken by Mr. Slipher, of the Lowell Observatory.* 
It is stated that “the star spectrum stops so suddenly at » 7040 as to leave 
little doubt that another of these bands begins at that point and outruns 
the sensitiveness of the plate into the red.” There can be no doubt that the 
abrupt ending to which reference is made owes its origin to absorption by the 
70545 group of titanium flutings. Still more recently, Mr. Newall has 
informed me that he has identified the three heads of the 7054°5 group in 
photographs of the spectrum of a Orionis. 


* * Astrophysical Journal,’ vol. 25, p. 236, April, 1907. 


Downloaded from https://royalsocietypublishing.org/ on 15 May 2021 


518 The Fluted Spectrum of Titaniwm Oxide. 


All the stronger groups of flutings have accordingly now been traced in 
stars, and it may be assumed that the fainter flutings of groups 3, 5, and 6 
will also be present when the banded spectrum is well developed, as in 
« Herculis and o Ceti. 

It still seems improbable, however, that titanium oxide can sufficiently 
account for all the stellar bands. As remarked in the former paper,,the 
stellar intensities of Dunér’s bands 1 and 3, beginning near 5862 and 6493, 
appear to be too great to be wholly accounted for by the titanium oxide 
flutings which occur in these parts of the spectrum. This is especially the 
case with the band at 5862, which is very frequently a wide and dark band 
in the stars, whereas the fluting at 5863°5 is an inconspicuous feature of the 
titanium oxide spectrum. The flutings in the neighbourhood of 6493 also 
seem to be too feebly marked in the titanium spectrum to produce a 
conspicuous absorption head in the stars. More accurate wave-lengths of the 
stellar bands in question are urgently required for further investigations of 
their origin. 


The author is anxious to express his indebtedness for assistance rendered at 
different times by students in training assisting in the Astrophysical Depart- 
ment of the Royal College of “Science. Valuable aid in carrying out the 
experiments described in the paper was given by F. W. Jordan, B.Sc., and 
J. Prescott, M.A., and the large-scale photographs were taken by H. Shaw, 
A.R.C.S., and E. J. Evans, B.Sc. The author is alone responsible for the 
determination of wave-lengths. 
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The Spectrum of Scandium and its Relation to Solar Spectra. 


By A. Fowter, A.R.CS., F.RAS., Assistant. Professor of Physics, 
Imperial College of Science and Technology, South Kensington. 


(Communicated by Sir William Crookes, D.Sc., F.R.S. Received June 23,— 
Read June 25, 1908.) 


— 

3 (Abstract. ) 

N + - . - . 

The greater part of this investigation of the spectrum of scandium under 


afferent experimental conditions has been based on purified scandia, generously 
faced at the author's disposal by Sir William Crookes. The principal results 
ase as follows :— 


Bb], The are spectrum of scandium consists of two distinct sets of lines, 
Thich behave very differently in solar spectra. Each set includes both strong 
d faint lines. 

2. Lines belonging to one set correspond with the enhanced lines of other 
@ements, notwithstanding that they appear strongly in the ordinary are 
etrum— 8 
O(a) These lines are very feeble or missing from the are-flame spectriun, 
and are strengthened in passing to the arc, the are in hydrogen, or 
the spark. 

= (>) They occur as relatively strong lines in the Fraunhofer spectrum. 

Ec) They are weakened in the sun-spot spectrum, 
= (d) They occur as high-level lines in the chromosphere. 


royalsoc etyp 


= 3. The remaining lines show a great contrast when compared with the first 
woup— 
S (a) They are relatively strong lines in the arc-flame. 


‘a (6) They are very feebly represented in the Fraunhofer spectrum. 
© (¢) The stronger lines are prominent in the sun-spot spectrum. 
a (7) They have not been recorded in the spectrum of the chromosphere. 


4. The special development of the enhanced lines in the Fraunhofer 
spectrum, together with their presence in the upper chromosphere, indicates 
that the greater part of the scandium absorption in the solar spectrum 
originates at a higher level than that at which the greater part of the iron 
absorption is produced. 

5. The discussion of scandium lines indicates that while in the case of 
some elements solar identifications are to be based chiefly on are lines, in 

Z2 
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others it is the enhanced iines which may be expected to show the m¢ 
important coincidences, 

6. The flutings which occur in the are and arc-flame do not appear whe 
the arc is passed in an atmosphere of hydrogen. As suggested by Thalé 
they are probably due to oxide of scandium, 

Tables are given,which show the lines of the are spectrum from 3930 
6580, the positions of the oxide flutings, and comparisons of the principg 
lines of the two classes with the sun, sun-spots, and chromosphere. 





On the Vapour-pressure and Osmotic Pressure of a Volatile 
Solute. 


By H. L. Cattenpar, M.A., F.R.S., Professor of Physics at the Imperia 
College of Science and Technology. 


(Received June 17,—Read June 25, 1908.) 


It follows by a method given in a recent paper by the author that if the 
osmotic membrane be assumed to be impermeable to the solute, the formula 
for the change of vapour-pressure of a volatile solute with hydrostatie 
pressure, and also the formula for the osmotic pressure which is deduced 
from it, must be the same as the formula for a non-volatile solute, and 
should not contain any terms depending on the vapour-pressure of the 
solute, except in so far as it may affect the hydrostatic pressure of the 
solution. 

If, on the other hand, an osmotic membrane is regarded as a vapour-sieve, 
permeable to the vapour of the solution but not to the liquid phase, the 
equation takes a different form, depending on the concentration of the 
constituents in the vapour-phase. If ¢, ¢:, ete., be the concentrations of 
the constituents in grammes per gramme of the vapour, and if Uj, Us, ete, 
be the specific volumes of the constituents in the solution, the change of 
total vapour-pressure dp of the solution for a change of hydrostatic press 
dP is given by the relation, 

=cU dP = v dp, 
where v is the specific volume of the whole vapour-phase. If only one 
constituent is volatile, this relation reduces to the form U dP = v dp for that 
constituent. 
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The Spectrum of Magnesium Hydride. 
By Prof. A. Fowier, A.R.CS., F.R.AS. 


(Communicated by Prof. H. L. Callendar, F.R.S. Received June 18,—Read 
June 24, 1909.) 


(Abstract.) 


The author has previously discovered that many of the band lines peculiar 
to the sun-spot spectrum are identical with lines composing the green fluting 
attributed to magnesium hydride by Liveing and Dewar. The present paper 
gives the results of a further investigation of this spectrum with high 
dispersion, together with details of wave-length determinations. 

The principal results may be briefly summarised as follows:—(1) No 
sufficient reason has been found for modifying Liveing and Dewar’s conclusion 
that the spectrum is produced by the combination of magnesium with 
hydrogen. (2) Lines are shown atshort intervals in all parts of the spectrum 
from the extreme red to 2300, and definite groups of flutings begin at 
5621°57, 5211-11, 4844-92, 4371-2, and near 2430. (3) From photographs of 
the magnesium are in hydrogen at low pressures, taken with a 10-foot concave 
grating, the positions of close upon 2000 lines composing the three principal 
bands have been determined. The wave-lengths were derived from the inter- 
ference standards of Fabry and Buisson, but have been corrected to Rowland’s 
scale to facilitate comparison with solar spectra. (4) Twelve of the series of 
lines which compose the green band have been traced, and it is shown that 
none of the formule which have been proposed are sufficiently general in 
their application to represent all of these series within the limits of error of 
measurement. For the longer series the closest approximation is given by 
Halm’s equation, (5) The identification of magnesium hydride in the sun- 
spot spectrum has been fully confirmed, and is clearly demonstrated by 
photographs submitted for reproduction. (6) It is shown that many of the 
bright interruptions of the dark background of the spot spectrum are not 
bright lines, but merely clear interspaces between lines or groups of lines in 
the spectrum of magnesium hydride. (7) The presence of the magnesium 
hydride flutings, together with flutings of titanium oxide and calcium hydride 
discovered at Mount Wilson, accords with the view that spots are regions 
of reduced temperature, and that their darkness is at least partly due to 
absorption. (8) The investigation of the possible presence of lines of 
magnesium hydride in the ordinary solar spectrum is for several reasons 
inconclusive, but there is evidence that very few, if any, of the thousands of 
faint lines tabulated by Rowland are to be accounted for by this substance. 
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Spectroscopic Investigations im connection with the Active 
Modification of Nitrogen.—I. Spectrum of the Afterglow. 
By A. Fowtrr, F.R.S., Assistant Professor of Physics, Imperial College of 
Science and Technology, and the Hon. R. J. Srrurr, M.A,, F-.RS., 
Professor of Physics, Imperial College of Science and Technology, South 


Kensington. 
QI (Received May 20,—Read May 25, 1911.) 
=) 
an) 
a [Pate 10.] 
= 
= Method of Observation. 


S The method of producing and isolating the nitrogen afterglow adopted in 
Be observations dealt with in the present paper was that described by one 
ai us in the recent Bakerian lecture.* A continuous stream of nitrogen was 
‘Bpassed at low pressure through the exciting discharge tube, from which it 
vas drawn into a side tube which was viewed end-on through a quartz 
Brindow. The source of nitrogen was the commercial compressed gas, but it 
Bras purified to the required degree by passage through a tube containing 
Ships of phosphorus and other tubes containing caustic potash and phosphorus 
spentoxide. The purer the nitrogen the more brilliant was the luminosity of 
She afterglow; a small amount of oxygen in the nitrogen sufficed to destroy 
‘phe deep yellow glow, and only a bluish-white luminosity was then visible. 
Three spectrographs have been employed in the investigation ; (1) a small 
uartz spectrograph, giving a linear dispersion of 5°5 cm. from 27000 to 

2200; (2) a larger quartz spectrograph giving 11°5 cm. for the same extent 
7 spectrum ; (3) a Littrow spectrograph, with a prism of light flint glass, 
iving 16 cm. for the region X 7000 to 3800. For the determination of 
"ewave-lengths, comparison spectra of copper (with impurities of lead, etc.) 
Ewere chiefly used. 


i http 


nloaded 


General Description of the Spectrum. 


As seen and photographed with instruments of small dispersion, the 
Spectrum of the afterglow produced by the above method appears to be 
identical with that described by Lewis.t The luminosity, however, is so 
great, and its maintenance so easy, that considerable dispersion may be 
employed, and long exposures given, so that the spectrum can now be 
examined in much greater detail. 


* R. J. Strutt, ‘Roy. Soc. Proc.,’ 1911, vol. 85, p. 219. 
+ ‘ Astrophys. Journ.,’ 1904, vol. 20, p. 49. 
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The spectrum may be conveniently considered to consist of three groups of 
bands, namely :— 

Group «—Three very conspicuous bands in the red, yellow, and green, 
with the brightest parts about wave-lengths 6252, 5804, and 5407. Another | 
faint band about 5054 also belongs to this group. 

Group B.—A series of 11 bands in the violet and ultra-violet, extending — 
from 4312 to 2503. These are degraded towards the red, and have double 
heads, Other fainter series of bands of similar structure also belong to this 
group. 

Group y.—A series of flutings, degraded to the more refrangible side, 
corresponding in every particular with Deslandres’ “ third positive” group of 
nitrogen bands. These have double-double heads and extend from 3009 to 
2155. 

The stronger members of the second positive group of nitrogen bands 
(degraded to the violet, and extending from about 5000 to 3000) also 
appear in the spectrum of the afterglow, but they may have been introduced 
by internal reflections of the light from the exciting discharge tube, or by 
stray discharges in the afterglow tube itself, as Lewis did not find them 
by his method of observing the afterglow only when the discharge was 
interrupted. The first head of the cyanogen band at 38835 was also 
frequently present, but it may be accounted for by a slight carbon impurity,* 
and is not to be regarded as a part of the afterglow spectrum of pure 
nitrogen. The presence of carbon compounds was sometimes shown in 
another way by the strong line of carbon at 2478°7 in the spectrum of the 
discharge tube when the condenser was in circuit. , 





The Bands of Group a. 


The three bands of group a, in the less refrangible part of the visible 
spectrum, are the most striking feature of the afterglow spectrum when 
the nitrogen is as pure as possible. Their true characters and relationships 
were not revealed until they were photographed with the comparatively 
great dispersion of the Littrow spectrograph. It was then found that their 
structure was identical with that of the “ first positive” bands of nitrogen, 
and further investigation revealed the previously unsuspected fact that 
they are also identical in position with bands of nitrogen. This result is 
shown by the photographic comparison given in Plate 10, fig. 1, which 
indicates the extraordinary selection of first positive bands for special 
enhancement in the afterglow. It will be seen that the afterglow bands 


* See Strutt, doc. cit, p. 228. 
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are not merely a survival of the brightest of the first positive bands,* but 
represent a special development of the more refrangible parts of the three 
groups into which the first positive spectrum is visibly divided. 

The positions of the various bands are roughly shown by the wave-length 
scale marked on the photographs. Adopting Von Helm’s values for the 
nitrogen bands,f the wave-lengths and oscillation frequencies of the first 
heads of the principal bands which occur in the afterglow spectrum are as 
indicated in Table I. 


Table I.—The Visual Bands of the Afterglow (Group «). 


| 























; Frequency Frequency Second 
Wave-length. Intensity. in vacuo. difference. difference, 
Sv i oe a oo P — Se __| 
6322-73 | 2 15812 | 
| Red ... < 6252 ‘81 5 15989 
. 6185 “44 1 16163 ) 
1235 
5854 °69 4 17076 | 
Yellow < 5804 ‘28 10 17224 | 80 
| 5755 *20 S 17371 
) 1265 | 
5442 -25 1 18370 | | 
Green < 5407 °08 5 18489 f 28 . 
5872 ‘78 5 18607 id | 
Pins 5053 *6* 2 19782 
. 5030 *8* 2 19872 


* Measures by Hasselberg. Identified by visual observations. 


The frequency differences and second differences for the strongest heads 
of the bands are given in the fourth and fifth columns of the table, and 
similar figures are obtained for the other corresponding heads, These 
differences are of interest as showing that the afterglow bands have not 
been selected at random from the numerous series which build up the first 
positive spectrum of nitrogen, but that they constitute three definite series 
of the usual character. They are, in fact, identical with three consecutive 
horizontal series in Cuthbertson’s arrangement of the first positive bands of 
nitrogen in 13 series, namely :-— 
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* The faint bands less refrangible than 6322 shown in the photograph probably do not 
form part of the true afterglow spectrum, but represent part of the normal first positive 
spectrum accidentally superposed on that of the afterglow. 

+ Kayser’s ‘ Handb. der Spectroscopie,’ vol. 5, p. 828, 

t ‘Phil. Mag.,’ 1902, [6], vol. 3, p. 348. 
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| Series 3. Series 4. | Series 5. - Series 6, | Series 7. 
Series @)  .cceeesss | 18370 17076 | 15812 | | 
1412 1413 1412 
Series ay iss... 19782 18489 17224 | 15989 
~ 1488 1883 1382 
Series ag ......... oy | 19872 18607 meee Oe 17371 16163 


—_ ee —~ — ——————— 


The association of chs hat in the afterglow saree that of the various 
possible arrangements of the first positive bands the horizontal series in 
the above table are perhaps specially significant. It will be observed that, 
on the frequency scale, a displacement of one of the horizontal series by an 
appropriate amount will result in its superposition on one or other of the 
remaining series, thus resembling the five series into which the second 
positive bands of nitrogen have been divided by Deslandres.* 

The relation between the bands is shown in another way by the applica- 
tion of Deslandres’ general formula for the first positive bands,t namely :— 


a (2m)? + 29° = 3 


The first horizontal series of the above table is obtained when m = 47 and 
p = 42, 43, 44; the second when m= 46 and p= 41, 42, 43, 44; and the 
third when m = 45 and p = 40, 41,42, 43. The bands shown in fig. 14 
which are less refrangible than 6322 do not belong to either of these series, 
and, as already pointed out, they probably do not form part of the afterglow 
spectrum, but have been introduced by accident. 

It thus appears that, in the less refrangible part of the spectrum, the 
afterglow shows no new bands, and only differs from that of the ordinary 
(discharge through nitrogen in the concentration of the luminous energy into 
a small selection of the numerous series into which the first positive spectrum 


n = 22785:1— (2p+1). 





can be divided. 

It should be noted also that the first positive bands of nitrogen are 
greatly reduced in intensity in the condensed discharge, which generates 
the afterglow, as compared with the uncondensed discharge, so that the 
partly abolished first positive bands may be considered to reappear in the 
afterglow, but with greatly modified intensities. Apart from the modification 
of intensities, for which we can offer no explanation at present, this observa- 
tion is in accordance with the view that nitrogen is partially dissociated in 
the condensed discharge, and that the afterglow is produced during the 
re-formation of ordinary nitrogen. 


* ‘Comptes Rendus,’ 1887, vol. 104, p. 972. 
+ ‘Comptes Rendus,’ 1902, vol. 134, p. 747. 
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The Bands of Group B. 


The general character of the second group of bands, designated the 
8 group, will be gathered from Plate 10, fig. 26. The positions of the brighter 
bands were only very roughly determined by Lewis, and it has been thought 
desirable to determine them with the considerable accuracy which is made 
possible by the use of the larger quartz spectrograph, and to include as many 
as possible of the fainter bands for the investigation of series relationships. 
The resulting wave-lengths for the principal series of bands, and their 

proximate intensities on a scale of 10 for the strongest, are shown in 
nr II, together with the oscillation frequencies iz vacuo, and the first and 
Second differences. The analysis of the intervals separating the bands 
Wiggests that the wave-lengths are correct to a few tenths of a tenth-metre. 
= 

















= Table I1—Group 8 Bands of the Afterglow. 
o) 
Bae . Frequency Frequency Second 
Wave-length. Intensity. in vacuo, difference. difference. 
4312°3 . 28188 | 
4296 °5 i 23268 | 
o 4042 8 24728 1547 | 
8 4028 “7 2 24815 21 
S 3801-9 26295 aio i) , 
5 8789 °3 4 26383 | 30 
Sf 8584-7 | 87888 Pt 
3572 °9 6 27981 26 
3387 2 99514 } 1624 
E 3376 ‘8 9 29605 | 28 
3207 “4 31169 | 1652 
3 3198 “4 10 | - 91287 31 
BS 3043 *2 82851 <cadane 
= 3035 *O 10 32940 24, 
a3 2893 ‘0 34556 } amr | 
A 2885 “4 9 34647 : | 27 
27545 36294 | f 1734 | 
2747 “9 7 36381 | | 29 
) ) 
2626 °9 38057 } 1763: 
| 2620 °9 4 88144 | 30 | 
2503 *2 1 39937 





It will be seen that the bands form a well-defined series, with the 
Strongest bands about the middle, as is often the case with band spectra. 
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The average second difference is about equal to that which appears to be 
common to the first and second positive nitrogen series, but otherwise the 
series is quite distinct, and the bands have a structure which is different 
from that of any of the other bands attributed to nitrogen. 

The oscillation frequenties of the more refrangible heads of the bands are 
closely represented by the formula 


w= 13°89 m?—18747, | 


where m has values ranging from 55 to 65. The calculated differ from 
the observed values by amounts which only once reach as much as three — 
units. | 
In addition to this chief series of bands, there are several fainter ones — 
of similar structure, particulars of which are given in Table III (see also 
Plate 10, figs. 2b and 3). These also form series, which may be conveniently 
designated §), 82, etc., as in the last column of the table. The intensities 


are roughly on the same scale as those of the main series in the previous 
table. 
Table [1I.—Fainter Bands of Group £. 











Wave- . | Frequency , Wave- nett jrrequency! c.: 
| length. es "| in vacuo. Reries. length. Intensity. in vacuo, | aa: 
) ) 
| fest 3) .. 33875 2558 ‘0 39082 
| 29440 2 33958 By | | 2552 °3 2 39169 = By 
| (29238 | 34192 2542 °8 39315 
1 2916-2 2 34281 By | | 2537 °1* 1 39404 = By 
2809 *7 85581 2493 “9 40086 
| 12802 °7 | 2 35670 ; | | 2488 +3 3 40176 By 
| | 
| £2786 °5 | 35877 | [2433 -2 41086 — 
2780 *1 2 35960 B | 1 2428-2 3 41171 | Bs 
2B 2732 ‘2 36590 2387 ‘0 41881 | 
| 2726 0 1 36673 By 2382 3 1 41964 |B: 
| { 2678 ‘3 | 37319 2331 °5 42878 
2672 9 3 37402 B, | [2826 °8 2 42965 | Bs 
) 
2608 °6 38324  £ 2236°1 44707 | 
2602 °9 2 38408 B» 2232 °3 1 44783 By 


) 
) 


* This head is hidden by the mercury line 2536 *7, accidentally present, and its position has 
been estimated by consideration of the intervals separating the component heads, 

These secondary series are related to the chief series and to each other 
in the same way that the constituent series of the first or second positive 
groups are related, such that a general displacement of one series by the 
proper amount will superpose it upon one of the other series. This is shown 
in the following arrangement of the frequencies :— 
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39987 | 98144 | 36381 | 34647 32040 | 31257 | 
1025 1021 023 0—Ci sd | 
39169 37402 «85670 =| 33958 | | 
| 1007 LOH 1003 | | 
41966 40176 | 38408 36673 | 
oe 995 | 996 | 
42965 41171 | 39404 © 35960 34281 | 
_— | —__—__  —_ 
= . . 
“ It follows that the formula for the main series may be adapted to the 
“secondary series by an alteration of one of the constants thus— 
< 
> Series Ai .....+ » 2 = 13°89 m?—17725. 
= PE: yon ee n = 13°89 m?— 16718. 
5 i. Ba elates as nm = 13°89 m?—15723. 
SS 
e The values of m for the several vertical columns are shown in the tabular 
wmrangement above. Series §3 fails to show the band corresponding to 
“a = 62 (d 2653'8), although there is no other band at this place which could 
Bask it. | 
&. The several series of group @ must clearly be regarded as forming a 
‘@onnected system, but they have no evident relation to the other known 
Oo 


Series of nitrogen bands. As in the case of the « group, however, the 
ZB group does not represent a spectrum which exists exclusively in the 
Sifterglow. The stronger bands were observed faintly by Lewis in 
‘he ordinary discharge through nitric oxide, and our own experiments have 
Sndicated that they occur under suitable conditions in similar discharges 
Shrough air or nitrogen. This is illustrated in the case of air in Plate 10, 
Sig. 2a. The original negatives show the five strongest bands of group 8 
$3377 to 2748) and the four bands of the series fo, and it is remarkable 
Shat the latter are relatively more developed than the chief 8 series in the 
"chir discharge. 

© The bands of group 8 are found in association with the third positive 
ands of nitrogen, dealt with in the next section, and, as in the case of those 
bands, we have not found sufficient evidence to show that anything but 
nitrogen is necessary for their development. 

The general result of the investigation of the 8 group of bands is to show 
that, like group «, they tend to disappear from the spectrum of the exciting 
discharge, and they reappear with somewhat modified intensities in the 
afterglow, 
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The Bands of Group y¥. 


As already remarked, the third group of afterglow bands is identical with 
the third positive band spectrum of nitrogen. This is indicated by the 
photographs reproduced in Plate 10, fig. 3, which show the spectrum of the 
afterglow in comparison with that of air. For convenience of reference, 
the positions of the less refrangible heads, from the data given by ; 
Schniederjost,* are indicated in Table IV. 


Table [V.—Chief Heads of Third Positive Bands of Nitrogen. 


3009°55 2478°90 
2859°80 2370°38 
27 22°45 2269°57 
2595°80 215480 


These bands oceur strongly in several other sources besides the afterglow 
and the uncondensed discharge in air or nitrogen. They are found in the 
spectrum of an uncondensed spark in air at atmospheric pressure, in the are 
between metallic poles, in the flame of cyanogen, and in the flame of ammonia 
burning in oxygen. Deslandres has suggested that they may be due to an 
oxide of nitrogen—developed by traces of oxygen in the case of a supposed 
nitrogen tube—as he found them to disappear from the spectrum when the 
nitrogen had’ been passed over heated sodium. The absence of the bands 
from the condensed discharge in nitrogen is also regarded by Lewis as 
favouring their oxide origin, the idea being that the bands vanish because 
of the decomposition of the compound which is thought to produce them. 

We have not been able to convince ourselves, however, that these third 
positive bands require anything more than nitrogen for their production, 
With all precautions to exclude oxygen, the bands have always been present 
in the afterglow spectrum, even when the nitrogen was passed through 
melted phosphorus before it entered the discharge tube. In the discharge 
tube itself, it was found that the presence or absence of the bands seemed 
to depend only upon the intensity of the discharge. In the condensed 
discharge, and in the uncondensed discharge, if of sufficient intensity, the 
bands in question are wanting, but with other things remaining the same 
they made their appearance when the strength of the discharge was 
sufficiently reduced. It would thus appear that the third positive bands 
are more sensitive to changes in the discharge than the bands of the first 
and second positive groups, and are the first to be abolished as the discharge 
approaches that necessary to produce the line spectrum. 


* ¢ Zeitsch. f. wiss. Photog.,’ 1904, vol. 2, p. 265. 
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The general behaviour of these bands in relation to the afterglow is very 
similar to that of the « and 8 groups. They occur in the uncondensed 
discharge, disappear in the stronger discharge which produces the afterglow, 
and reappear in the afterglow; they differ from the other two groups, 
however, in that there is no notable change in the relative intensities of the 
component bands. 

Spectrum of Exciting Discharge. 

It seemed important to compare the spectrum of the condensed discharge 
Which develops the afterglow with that of the uncondensed discharge which 
Gidinarily fails todo so. In the first place it was found that a discharge 
ving only the line spectrum does not excite the afterglow. A special tube 
ia constructed with a very narrow capillary. The electrodes projected 
Almost into this capillary, so as to avoid any development of the band 
gPectrum in the wider parts of the tube, which might have made the result 
¢nbiguous. A current of pure nitrogen was passed through this tube, 
eRcited by the condensed discharge, but no afterglow was observed. The 
Gime current of rarefied nitrogen passed on its way to the pump through 
wider discharge tube capable of giving the band spectrum. When the 

ischarge was transferred to this tube, the afterglow was well developed. 
®his served as a check, to prove that the failure to obtain the afterglow in 

€ previous instance had not been due to any defect in the quality of the 
‘Bas. It was accordingly only necessary to investigate the modifications of 
He band spectrum which occur in passing from a discharge of moderate 
tensity without condenser to a discharge with the condenser. 

c It was already known that the effect of the condenser is to reduce the 
Ehtensity of the first positive bands, to brighten the second positive bands, 
dand to abolish those of the third positive group. We have found in addition 
hat a new series of seven bands in the ultra-violet appears in the spectrum 
Sf the condensed discharge. There appears to be no previous record of 
‘hese bands in the observations made by Deslandres and others, but there 

ms to be no reason to doubt that they belong to nitrogen. For purposes 
of reference, this series may be conveniently called the “fourth positive ” 
group of nitrogen. 

As photographed with the larger quartz spectrograph (Plate 10, fig. 40), each 
of the fourth positive bands shows five principal heads, of which the most 
refrangible is the strongest in each case, and the middle one next in order of 
brightness. The flutings are degraded towards the more refrangible end of 
the spectrum. 

The wave-lengths of the bands, their relative intensities, oscillation 
frequencies, and frequency differences are shown in Table V. 
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Table V.—Fourth Positive Bands of Nitrogen. 


—— ———_—— ———— —————$——— 



































Wave- ; Frequency | Frequency | Seeond 
length. Intensity. in vacuo. | difference. difference. Remarks 
29089} 34427 — , 
02-0 | | 449 | 
00°3 ee 469 
2898 °1 496 > 1561 
96 J 34513 | | 
2777 9 85988 4 oF 
765 36006 i | 
fan” |) oS 024 J Also a faint head at 2774 °3. 
72°61) 054 > 1588 
714 J 36072 | | 
i | 
2660°5 ) | 87576 4 | 98 
| 59°8  | a | 
| 8D) bo 5 oh Also a faint head at 2657 0. 
| 55°83 643 /¢ 1616 i 
| 54°5 J 37661 | / : 
2550-7) 39192 4 L 30 
49 °7 209 | 
48°4 | s an | 
46-6 257 | + (1646 "Also a faint head at 2547 °7, 
45 °3 39277 | | | 
) . 
| 2448-0 |) 4os3s = + a1 | 
47°0 | | | 854 ] | | 
| 45 °6 | f 10 878 J _ Also a faint head at 2445 °0. 
44-0 905 [+ 1677 
428 |) 40925 | ] | 
2351 +4 |) 42515 4 Cig 
50°3 | | 535 : | 
490 |+ 6 559 : 
47°5 | 586 |} 1704 | 
46°4 42606 | | 
2260°8 |)  agi9— J >| 
. : : | 
cs i = ane | t This band is not very well 
57 +1 [ 291 | ft defined on the photographs. 
56°0 J J| 


| 44313 


The structure of these bands is different from that of any belonging to the 
other groups of nitrogen, but a possible relation to the second positive bands 
is suggested by a consideration of their series relationships, and by the fact 
that both sets of bands are specially developed in the condensed discharge. 
The probable relation of the new bands to the second positive nitrogen group 
will be sufficiently indicated by the following comparison with Series IIT 
of the second positive spectrum. The oscillation frequencies (in vacuo) 
for the latter have been calculated from the wave-lengths given by 


Ames* :— 
* “Phil. Mag.,’ 1890, [5], vol. 30, p. 48. 
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_ 2nd positive. Ath positive. 





| | 

| Series III. | First heads. cles Difference. 
es 23798 m4 34427 | 10629 

25857 35988 | 10631 
| 24946 37576 | 10630 

30208 40838 10630 | 
31882 | 42515 | 10633 | 

33585 | 44219 10634 | 


= 
S The difference is constant within the limits of error, and numerically, at 
Igast, the fourth positive bands are related to the second positive as the 
gveral series of the latter are related to each other. The figures in the 
fst and second columns of the foregoing table may be respectively calculated 
om the formule 


‘S 
BD 
C 
bp 
= 
el 


n = 14:306m?—17918, 
= 14:306m"— 7288, 


ere m ranges from 54 to 60. 

ra The fourth positive bands appear to be the most characteristic feature of 
Bre spectrum of the discharge which produces the afterglow, but a change 
state in the nitrogen is also indicated by the modified intensities of the 
@&her three positive groups. The bands are also found, but with less 
Ritensity, in the condensed discharge through a tube containing air, and if 
Shey are characteristic of the afterglow-producing gas, it may be presumed, in 
Fecordance with other experiments, that the absence of the nitrogen after- 
Stow i in air tubes is due to the presence of oxygen. 


y 


SOCI 


3 


m httpsz 


Summary. 

(1) The paper gives a detailed account of the spectrum of the afterglow 
f pure nitrogen, with wave-length determinations of sufficient accuracy to 
ndicate the series relationships of the various bands. 

(2) The characteristic bands of the afterglow in the red, yellow, and 
reen are complex groups which have been found to be identical with some 
of the bands forming the sequence known as the first positive group of 
nitrogen. They represent a special development of three of the numerous 
series into which the first positive bands have been divided. 

(5) The second group of afterglow bands, extending from 4312 to 2503, 
corresponds with a group of faint bands which occur in the uncondensed 
discharge in air or nitrogen, and the third group is identical with the third 
positive group of nitrogen bands, as previously shown by Lewis. 

(4) The most characteristic feature of the condensed discharge which 
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produces the afterglow is a series of seven complex bands, occupying the 
region 2904 to 2256, which have not previously been recorded as belonging ‘ 
to nitrogen. It is suggested that these should be designated the “ fourth 
positive ” group of nitrogen bands, 

(5) No afterglow is excited when the discharge is such as to give only the 
line spectrum of nitrogen. 


The authors are indebted to Mr. H. Shaw, A.R.C.S., for valuable assistance 
in the computation of wave-lengths, and in enlarging the photographs for 
reproduction. 


DESCRIPTION OF PLATE. 


Ia, Uncondensed discharge in nitrogen, showing the first positive bands in the red, 
yellow, and green. 
1). Afterglow bands of Group a, showing relation to first positive bands, 


2a. Uncondensed discharge in air, violet and ultra-violet region, showing second positive 
bands of nitrogen, part of the third positive group, etc. 

2b. Afterglow bands of Group 8, which are also seen faintly in the spectrum of air, 2a. 

3a. Uncondensed discharge in air, ultra-violet region, showing the third positive bands 
of nitrogen, ete. 

3b. Afterglow bands of Group 8 and Group y (third positive nitrogen). 

4a, Uncondensed discharge in nitrogen, ultra-violet region. 

4b, Condensed discharge in nitrogen, which excites the afterglow, showing the new 
“fourth positive” bands, 


la and 16 were taken with the Littrow spectrograph and the remainder with the larger 


‘quartz spectrograph. The scales attached to the photographs are strictly only applicable 


to the upper spectrum in each pair, owing to difficulties of mounting. 
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of electricity divided by the mass of the hydrogen atom it should be 
about 9660. 

The model has thus been tested numerically on three independent points. 
It gives 2°32 for the ratio of the wave-lengths instead of 2°00, and it gives 
7110 or 1550 for the value of ¢/m instead of 9660, according as we use the 
first or second band. If we consider the simplicity of the assumptions 
made, and the room there is for modification (e.g. making /: different for the 
different linkings), the agreement must be regarded as gratifying. 

The other maxima in the absorption spectrum are possibly due to more 
complex molecules. 

This is incidentally the first time that chemical bonds have beén connected 
mathematically with absorption bands. 





Spectroscopic Investigations 1 Connection with the Active Modi- 
fication of Nitrogen. IL.—Spectra of Elements and Com- 
pounds excited by the Nitrogen. 


by the Hon. R. J. Strutt, M.A., F.R.S., Professor of Physics,and A. Fow er, 
F.LS., Assistant Professor of Physics, Imperial College of Science and 
Technology, South Kensington. 


(Keceived November 13,—Read November 23, 1911.) 
[Puate 6,] 


Introductory. 


In continuation of previous accounts of the active modification of nitrogen,* 
and of the spectrum of the afterglow which is associated with it,t the present 
paper gives further details of the spectra which are developed when various 
elements and compounds are introduced into the glowing gas. Preliminary 
investigations of the spectra were made by direct observation, and with 
a small quartz spectrograph, and when greater resolying power was required 
a larger quartz spectrograph and an instrument of the Littrow type were 
used, 

The arrangements for producing the afterglow were as described in the 
previous papers. By means of a mechanical pump a stream of purified 


* RK. J. Strutt, Bakerian Lecture, ‘ Roy. Soc. Proe.,’ 1911, A, vol. 85, p. 219. 
+ A. Fowler and R. J. Strutt, ‘ Roy. Soc. Proc.,’ 1911, A, vol. 85, p. 377. 
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nitrogen at low pressure was passed through the discharge tube, and the 
afterglow was observed in a side tube, into which the various substances 
were introduced as required. It will be remembered that a discharge with 
condenser and spark gap is necessary to develop the afterglow with maximum 
intensity. 

Later experiments have shown that the afterglow is also generated by the 
ring discharge produced by electromagnetic indugtion when the pressure of 
the nitrogen is appropriately adjusted. The spectrum of the exciting 
discharge is identical with that of the condensed discharge which has already 
been described ; that is, the first positive bands of nitrogen are feeble, the 
second positive bands very intense (giving a bluish colour to the ring), the 
third positive group absent, and the fourth positive bands present. 

We mentioned in our previous paper (p. 377) that the deep yellow after- 
glow was destroyed by a small amount of oxygen in the nitrogen employed, 
and that only a bluish-white luminosity was then visible. This is due, as we 
have since ascertained, to the formation of a small quantity of nitric oxide 
by combination of oxygen and nitrogen in the discharge; for the same effect 
is produced if a very small quantity of ready made nitric oxide is introduced 
into the stream ajftvr it has passed the discharge tube. Larger quantities 
introduce a different phenomenon—the yellow-green flame with continuous 
spectrum.* The effect of a small nitric oxide admixture is to suppress the 
a-group of afterglow bands, leaving the rest of the afterglow spectrum 
untouched. 

Metallic Elements. 

Sodium.—It has already been pointed out by one of us that when sodium 
is heated a little above its melting point in the presence of active nitrogen, 
the sodium spectrum is developed with great brilliancy ; when heated more 
strongly, the vapour close to the metal becomes visibly green, and in this 
region the D lines almost vanish, while the pair of green lines about 5685T 
is shown very strongly. Other lines of the subordinate series are also very 
bright, and lines of potassium appear as impurities. 

As regards the principal series, the photographs suggest that the suppres- 
sion of the D lines does not so much indicate a tendency towards the 
extinction of this series as a change in the position of maximum intensity to 
the next pair of lines in the series near 3303, which is the strongest in the 
whole spectrum; other lines of the principal series at 2853 and 2680 are 
also well visible. 

In the first subordinate series the greatest intensity is towards the red 


* R. J. Strutt, ‘Roy. Soc. Proc.,’ in cotirse of publication. 
+ Wrongly referred to in the Bakerian Lecture as the E line. 
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end, and the colour of the glowing vapour indicates that the maximum 
occurs at the green pair 5685. The second subordinate series is relatively 
very weak. Apart from the redistribution of intensity in the principal 
series, however, the spectrum approximates very closely to that given by 
sodium in the oxy-hydrogen flame or electric are. 

The suppression of the D lines recalls an experiment described many 
years ago by Lockyer,* in which a similar result was obtained. In this case 
an electric discharge was passed throngh a capillary tube which was in 
connection with a wider tube containing heated metallic sodium, the 
platinum electrode nearest to the metal being a few inches above it. There 
was no obstruction between the electrode and the sodium, and the only gas 
present was the hydrogen given off by the metal. 

The similar results obtained in hydrogen and nitrogen suggested that in 
both cases tlie effect might be due to the production of the spectrum under 
reduced pressure. We have not, however, been able to produce the same 
phenomenon by passing a discharge through sodium vapour in a vacuum 
tube, although the lines of the subordinate series were well displayed under 
these conditions, 

Potassium.—The photographed spectrum was rather faint, but it showed 
very clearly the lines of the principal series at 4046, 3447, 3217, and 3102, 
the first named being by far the strongest. Several lines belonging to the 
two subordinate series were shown faintly, and there were feeble indications 
of a band fading to the violet, with its head about 460. 

Magnesium.—The spectrum of this metal was only observed with 
difficulty, and the photograph obtained was not very strong. Nevertheless 
it sufficed to show that the spectrum did not contain any of the characteristic 
spark lines, such as that at 4481°3. The characteristic flame line at 4571 
appeared faintly, while the adjacent line at 4703, which is a much stronger 
line in the are spectrum, did not appear. The spectrum thus approximates 
closely to that given by the flame, but it tends to be intermediate between the 
flame andthe are. The lines photographed are shown in the following table :—- 











Wave-length. Intensity in glow. | Remarks. 

ae 
| 4571] 83 | 1 | Characteristic flame line. 
| 3838 “44 | 10 Ist line of triplet, 1st subordinate series. 
| 3336 ‘83 | 1 a “ 2nd = ” 
8097 ‘06 3 99 ” Ist ” 3) 
| 2852 “22 | 2 eed Ist ss ; 

2779 "04 3 | Are line, not included in series, 





The 6 group was observed visually, but was not photographed. 
* *Roy. Soc. Proc.,’ 1879, vol. 29, p. 266. 
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Mercury.—The mercury line spectrum is well developed in active nitrogen, 
and the photograph shows all the stronger lines of the are spectrum which 
are given by Kayser and Runge. With the exception of the pair 5790, 
5769, and the line 4078, all the lines photographed belong to the two 
triplet series, and include numbers 4 and 5 of the first subordinate series, 
and numbers 3 and 4 of the second subordinate series. The relative 
intensities of the lines are not notably different from those of the are 
spectrum. Comparisons with the spectrum of a mercury lamp revealed 
no distinct difference. 

Thallium.—The chloride of the metal was employed in this experiment, 
but no bands special to the compound were observed or photographed. The 
glow produced was bright green, and the spectrum consisted of numerous 
sharply defined lines. With the exception of two probable impurity-lines at 
3239, 3220, the lines agree very closely with those of the arc spectrum, as 
regards their relative intensities, but there are indications that the second 
subordinate series is somewhat weaker than in the are. 

Nickel.—Nickel chloride was used, but the only bands observed were 
afterwards found to be identical with*those given by cuprous chloride, and 
they may therefore be referred to an impurity of copper in the substance 
employed. Some of the lines of copper were also shown in the photographs. 
In addition, between 20 and 30 lines due to nickel itself were photographed, 
and these are identical with the strongest arc lines of the metal, so far as 
they can be identified with the small dispersion employed. The lines were 
most distinct in the ultra-violet region, 3620 to 2900, where there were no 
copper bands to mask them. 


The Halogens. 


Iodine-—The vapour given off by iodine at ordinary temperatures readily 
generates a characteristic bright blue glow when it comes in contact with 
active nitrogen. The spectrum shows a broad faint band in the green, and 
a number of ill-defined bands in the blue and ultra-violet, of which one at 
about 3430 is by far the most prominent (Plate 6, fig. 1). In addition, 
there is an apparently continuous background, which is feeble on the less 
refrangible side of a band at 4770, but is quite strong from that wave-length 
to the most refrangible part of the spectrum shown on the photographs. 
The bands as a whole do not appear to have been previously recorded, but 
the strongest band has been noted by Kénen,* who describes it as extending 
from 3430 to 3340. We have found, however, that the vacuum tube shows 
all the bands of the glow spectrum in the region compared (3200 to 5900), 


* © Wied, Ann.,’ 1898, vol. 65, p. 269. 
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but the vacuum tube differs from the glow in showing greater luminosity in 
the less refrangible parts of the spectrum. Also, while the most intense 
band in the vacuum-tube is at 4310, that in the glow is at 3430. Details 
relating to the bands of the glow spectrum are given in the appended table. 


Wave-lengths of Iodine Bands. 


| 
Approx. wave-length: Intensity. Approx. wave-length. Intensity. | 








: 

= 4770 | 5 | 2890 | 3 
oO 4620 3 2835 2 
N 4310 5 2775 2 
= 3890 2 2720 1 
= 3535 l 2480 2 

3495 1 2430 1 
S 3430 10 2380 j 
c 3270 2 2075 5 
a ee i Sess ones att 
Bl — - + 
ss The last on the list, at 2075, is a strong sharp line, quite unlike the others 


in appearance, but there seems to be no reason to assign it to any impurity, 
as it has not been found in mercury or any other substance likely to be 
present. 

The band at 4770 was photographed with the Littrow spectrograph, but 
there were no signs of resolution into fine lines in a spectrum of purity 
3000 in that region, 

It should be noted that the flutings shown in fig. 1, which only occupy the 
upper half of the spectrum, are due to nitrogen, 

Bromine.—The luminosity in this case was very feeble, and the photo- 
graph of the spectrum shows only one band which can be attributed to 
= bromine. This is a broad symmetrical band, having ill-detined edges about 
2930 and 2890. A band in the orange, dominating the colour of the glow, 
™S was observed visually. 


https://royalsocietypublishing 
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| Note added December 5.—This band is not identical with the yellow-green 
band recorded in the vacuum tube spectrum by Eder and Valenta. With 
moderate dispersion it was found to consist of eight narrow bands extending 
from about 5875 to 6070, at nearly equal distances of 28 tenth-metres. ] 
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Lines of aluminium were well seen in this spectrum, the metal having 
been carried forward into the glowing gas, probably in the form of a volatile 
bromide, 

Chlorine-—The spectrum of chlorine excited by active nitrogen was similar 
to that of bromine, but the single broad band shown on the photograph 
occurs in a more refrangible part of the spectrum, namely, 2600 to 2540. 
No lines of chlorine were recorded on the photograph. 
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Compounds of Metals. 

Cuprous Chloride—The blue-green glow developed by cuprous chloride 
gives a spectrum which is generally similar to that of the same substance 
when volatilised in the Bunsen flame. The afterglow, however, produces 
a greater number of lines of copper, and the band spectrum of the chloride 
is more completely developed. The chloride bands are also better visible in 


the glow than in the flame, in consequence of the absence of overlying 


continuous spectrum: <A series of bands which is either absent from the 
flame, or is very weak, is a conspicuous feature in the glow spectrum. These 
bands are more refrangible than those which occur in the flame, their 
approximate wave-lengths being 4150, 4080, 4010, 3945, 3885, 3835, 3785, 
3740. The intervals between the bands suggest that they form a connected 
series which is related to those in which the flame bands have been arranged 
by Kien.* 

Chlorides of Tin,—Stannous and stannic chlorides produce a brilliant blue 
glow. The most striking feature shown on a photograph of the spectrum of 
stannic chloride is an intense band in the blue, extending from about 4000 
to 5000; with small dispersion, the band shows no signs of any maxima, 
and fades off gradually in both directions (Plate 6, fig. 2). In addition 
there are seven lines of tin between 3262 and 2706, which are identical with 
the strongest lines of the are spectrum in this region. There are other faint 
lines at the approximate positions 3855, 3780, 3748, 3480, and 3474, which 
have not yet been identified. 

A photograph of the blue band, taken with the Littrow spectrograph, 
shows that it is not perfectly continuous, Superposed on the continuous 
background, there are several symmetrical but ill-defined bands, 4 or 5 tenth- 
metres broad, which show no further signs of resolution in a spectrum of a 
purity of about 4000 in the region where the bands occur. Accurate 
measures of these bands cannot be obtained, and it will suffice to state that 
there are 15 bands between 4768 and 4430, at nearly equal distances of 
24 tenth-metres. Some of the bands are double. The bands are very 
similar in appearance to those which occur in fluorescence spectra, as, for 
example, that of uranium phosphate. An experiment was accordingly made in 
order to ascertain if a fluorescence could be obtained by the action of ultra- 
violet light on stannic chloride. 

A small quantity of stannic chloride was placed ina states tube, 2 cm. 
in diameter, which was exhausted and sealed, the liquid chloride being 
frozen with liquid air during this operation. The quartz tube was then 


* ‘Zeit. fiir Wiss, Photog.,’ 1908, vol. 6, p. 337. 
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examined in a concentrated beam from an electric lantern with quartz 
condensers, with and without a deep violet glass. But no fluorescence 
could be observed, either at the ordinary temperature or when the tube was 
warmed, 

Experiments on the vacuum-tube discharge through the vapour of stannic 
chloride showed that the discharge was generally similar in colour to the 
glow produced in active nitrogen, but was not so perfect a blue. The 
vacuum-tube spectrum, however, showed the same strong blue band as the 
glow, but there was also a fairly bright continuous, or nearly continuous, 
spectrum extending from the blue band to the red. Lines of tin were also 
more prominent in the vacuum-tube than in the glow. 

Mereurice Jodide—This substance yields a violet glow, and the spectrum 
shows bands which appear to be characteristic of the compound, together 
with a feeble band which coincides with the principal band of iodine 
about 3430. Mercury was only represented by the line 2536°7, which was 
no stronger than in other spectra obtained in the same manner when 
mercury was only accidentally present. 

The strongest band begins at about 4455. It is very intense from that 
point to 4590, after which it fades off rather rapidly to the neighbourhood 
of 3700. With the small resolving power employed, the band is a nearly 


continuous one, but there are indications of numerous ill-defined maxima. 


The spectrum, as a whole, is similar to that described by Jones,* and 
afterwards by Lohmeyer,+ as occurring in mercuric iodide rendered 
luminous in a vacuum tube. For the brightest band the wave-length of the 
beginning is given by Jones as 4396, but from the description there can be 
no doubt that it is the same band as that found in the glow. Lohmeyer’s 
wave-lengths, giving the brightest parts of the band as lying between 
4456 and 4593, confirm this. The remaining (faint) bands agree with those 
tabulated by Jones, 


Sulphur and its Compounds. 


Sulphur.— When sufficiently heated in the glowing nitrogen, sulphur gives 
a blue glow. The spectrum consists of a succession of bands, degraded to 
the red, and very evenly distributed. Between 4700 and 2800 there are 
about 30 principal bands, some of which are complex groups or doublets. 
There was little or no continuous spectrum. The spectrum has nothing in 
common With that of sulphur in a vacuum tube, but it is closely related to 
that given by the flame of carbon disulphide burning in air. In the 


* ‘Ann. d. Physik.,’ 1897, vol. 42, p. 50. 
t ‘Zeit. fiir Wiss. Photog.,’ vol. 4, p. 376. 
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flame, however, the bands are superposed on a moderately strong continuous 
spectrum, and those which are more refrangible than 3400 are only very 
feebly displayed.* When the flame was supported by oxygen, it was found 
that the bands were barely visible, while another group in the region 3000 
to 3200 (seen also in the flame of burning sulphur) was introduced. 

Sulphuretted Hydrogen.—The spectrum obtained when sulphuretted 
hydrogen was introduced into active nitrogen was identical with that 
given by sulphur in the nitrogen. 

Carbon Disulphide.—The spectrum given by carbon disulphide in nitrogen 
showed the bands already described as occurring with sulphur, but the 
bands were only well developed on the less refrangible side of 3700. The 
cyanogen band 3883 and the carbon line 2478 were shown feebly. 

In the ultra-violet there was an additional series of well-marked bands, 
degraded to the red, having their heads about 2550, 2592, 2620, 2668, 
2700, 2745, 2785, 2830, 2920. These bands were also present, in an 
ill-developed form, and superposed on continuous spectrum, in the carbon 
disulphide flame. They appeared also in the spectrum of impure sulphurous 
anhydride in a vacuum tube, while the less refrangible group previously 
described was absent. 

Further investigations will be undertaken to determine whether the different 
groups of bands represent different compounds of sulphur, or sulphur in 
different molecular states, 


Compounds of Carbon. 

The introduction of many of the compounds of carbon into the nitrogen 
afterglow results in the development of the spectrum of cyanogen, and direct 
chemical evidence of the formation of cyanogen has been obtained.t The 
cyanogen spectrum was strongly developed in cyanogen, ethyl iodide, 
chloroform, carbon tetrachloride, and acetylene, and it was also seen, with 
less intensity, in methane, pentane, ethylene, alcohol, ether, and benzol. An 
investigation of the spectra thus obtained, however, has revealed some 
interesting peculiarities, 4 | 

The cyanogen spectrum, as given by the flame of the burning gas, has 
long been recognised as consisting of two principal sets of bands. One 
of them oceupies the red, yellow, and green parts of the spectrum, and the 
flutings composing the bands are degraded to the red. The other consists of 
groups of flutings in the violet and ultra-violet, degraded to the violet, which 


* The chief bands of the CS, flame spectrum are about 3370, 3420, 3500, 3557, 3590, 
3645, 3680, 3740, 3835, 3940, 4050, 4080, 4160, 4200, 4275, 4310, 4440, 4480. 
+t R. J. Strutt, Joc, eit., p. 228, 
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are especially well known in consequence of their great brilliance in the 
spectrum of the carbon are. For convenience of reference, these two sets of 
bands may be distinguished as the red and violet groups respectively. In 
addition, there are four groups of fainter flutings in the ultra-violet, 
degraded to the red, which have been regarded as the probable “ tails ” of 
the violet bands.* 

The different compounds of carbon do not all behave in the same way when 
in contact with active nitrogen. In most cases, the “flame ” produced was of 
a lilac tint, very similar to that of the cyanogen flame, but in the case of 
earbon tetrachloride, or chloroform, the flame was orange in colour and more 
luminous, and the red spectrum of cyanogen was more strongly developed 
in relation to the violet. 

The* Red” Bands.—In carbon tetrachloride (Plate 6, fig. 3) and chloroform 
the red spectrum is very brilliant, and is particularly free from contamination 
with other spectra. The photographs give only feeble indications of the 
stronger of the second positive bands of nitrogen, and they show no traces of 
carbonie oxide, or of the Swan bands of carbon. Moreover, the system of 
bands can be traced clearly into the blue-green and blue, where there are 
several easily visible bands which are not seen, or only seen with difficulty, 
in the ordinary flame or vacuum-tube spectrum. This method of producing 

the spectrum accordingly offers special advantages for the study of the 
regularity of the bands, and it has been utilised by Messrs. Fowler and Shaw 
in a separate investigation of the red cyanogen spectrum as obtained from 
different sources.f Previous accounts of this spectrum have been very 
incomplete, and only roughly approximate wave-lengths of the bands have 
heen available, 

In the small scale photograph reproduced in fig. 3, and in visual 
observations, the bands appear to follow each other at nearly equal intervals 
and to show no marked discontinuity as regards their intensities. Other 
photographs taken with shorter exposures, however, show that the principal 
bands occur in groups of three, of which the middle one is the brightest in 
each case. It has been found that all the bands can be arranged in seven 
regular series, similar to those which constitute the first positive band 
spectrum of nitrogen. 

Lhe Violet Bands.—The familiar cyanogen bands in the violet and ultra- 
violet are greatly modified in all the carbon compounds which produce a 
visible luminosity when they are brought in contact with active nitrogen. 

* King, ‘ Astrophys. Journ.,’ 1902, vol. 14, p. 323; Jungbluth, ‘ Astrophys. Journ.,’ 


1904, vol. 20, p. 237. 
+ ‘Roy. Soc. Proc.,’ this vol., p. 118. 
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Considerable resolving power is necessary to show the character of the 
changes clearly, and the Littrow spectrograph was utilised in obtaining the 
comparative spectra which are reproduced on an enlarged scale in Plate 6, 
figs. 4 and 5. It will be seen that the details of the violet groups are very 
different in the glow as compared with the carbon are. 

Taking the 4216 band of the glow spectrum as a typical case, there is a 
modified development of the structure lines proceeding from the first and 
third heads (counting from red to violet, or right to left), and a partial 
suppression of the second and fourth heads. The structure lines emanating 
from the first head are identical with lines in the corresponding part of the 
arc band, but there is a conspicuous interruption of the sequence at a short 
distance from the head, after which the lines became stronger and overrun 
the second head, which itself appears to be rather weak. A similar effect is 
observed in the case of the third head, the structure lines of which overrun 
the fourth, but the third head is not nearly so strong as the first. 

These effects are apparently identical with the variations in the negative 
band of nitrogen 5914, and in the cyanogen band 5883, which have been 
observed by Deslandres* as the pressure was reduced from one atmosphere 
to a few millimetres. We have confirmed this observation in the case of 
the tirst heads of the cyanogen bands 4216 and 3885, and the differences 
between the glow and are bands, to which reference has so far been made, 
are therefore probably due, either directly or indirectly, to the fact that the 
cyanogen bands in the glow were produced at a relatively low pressure 
(5 to 10 mm.). 

A still more striking difference between the glow and arc bands occurs 
in the most refrangible part of each of the violet groups. There is a special 
increase of intensity in this region, which may possibly be due to a local 
intensification of some of the series of structure lines, or to the introduction 
of entirely new bands. Until still greater resolving power can be employed, 
it will be difficult to determine the exact nature of the difference, but the 
development of new bands offers the simplest explanation. In favour of 
this view is the observation that the structure lines of the glow bands do 
not all occur in the bands of the arc, and also the fact that in some of the 
photographs (eg. in cyanogen, Plate 6, fig. 6a) the supposed new bands 
are far stronger than the first heads of the groups. Assuming that new 
bands are developed, their less refrangible edges would be about 4495 
(in the 4606 group), 4153 (in the 4216 group), and 3850 (in the 3883 group). 
Each band must then be supposed to consist of a group of close lines 
extending over about 9 tenth-metres, this group being followed by a gap of 

* ‘Comptes Rendus,’ 1904, vol. 149, p. 1179. 
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about 3 tenth-metres, and this again by another group of lines extending 
over about 10 tenth-metres. The “new” bands are especially intense in 
ethyl iodide, cyanogen, and acetylene; they are also well marked in 
ethylene and chloroform, but are not nearly so pronounced in carbon 
tetrachloride. 

Stimulation of cyanogen by the nitrogen afterglow is not the only means 
of producing these new bands, as they also appear on the photographs of the 
spectrum produced by the phosphorescent combustion of cyanogen in ozone.* 

We have not yet succeeded in obtaining the new bands clearly in vacuum- 
tuhe discharges through cyanogen, but there were feeble indications of their 
presence when wide discharge tubes were employed. 

Special care has been taken to show that the spectrum given by cyanogen 
itself in the nitrogen afterglow has the same peculiarities as that produced 
from other carbon compounds. When the cyanogen from mercuric cyanide 
is merely passed through a phosphorus pentoxide drying tube, the removal 
of water vapour is not complete, and the hydrocarbon band 4315 usually 
appeared in the spectrum obtained. It seemed possible, therefore, that the 
modifications of the violet bands in this case might result from the presence 
of hydrocarbons formed by interaction of water vapour with cyanogen. An 
experiment was accordingly made in which the cyanogen introduced into 
the afterglow had been kept in contact with the drying agent for five days. 
In this case (fig. 6#) the hydrocarbon band did not appear, but the violet 
eyanogen bands presented the same appearances as before. Hence, the 
stimulation of ready-made cyanogen by active nitrogen produces the same 
modifications of the violet bands as are observed when the gas is produced 

by the interaction of nitrogen with other carbon compounds which give 
luminous effects. The modified bands therefore do not represent cyanogen 
in course of formation, as might, perhaps, have been supposed. As previously 
suggested,t it would seem that cyanogen is immediately produced by 
admixture of the carbon compounds with active nitrogen, and that the 
observed spectrum is due to the subsequent stimulation of the gas by the 
peculiar conditions existing in the afterglow.t 
The Cyanogen “ Tail” Bands—The ultra-violet groups of flutings, fading 


* R. J. Strutt, ‘ Phys. Soc. Proc.” The “unknown” bands mentioned in this paper 
as occurring at 431 and 415 appear to be respectively the hydrocarbon band 4315 and 
the new band of cyanogen 4153. The cyanogen band 4606 is also represented by a band 
about 450, which would correspond with another of the new cyanogen bands. 

+ R. J. Strutt, ‘ Roy. Soc. Proc.,’ vol. 85, p. 228. 

{ It should be mentioned that the photographs of the spectrum generated by the 
specially dried cyanogen in the afterglow of nitrogen show two of the bands (4679 and 


4365) of the “high pressure” spectrum observed in carbon monoxide by Fowler 
12 
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towards the red, which have been regarded as tails of the violet groups, 
are also very considerably modified in the glow cyanogen as compared with 
their appearances in the carbon are (Plate 6, fig. 6, where the bands in the 
are are indicated by black dots). So far as can be determined from the 
photographs available, including some taken with the Littrow spectrograph, 
the bands are changed in the glow in the same manner as the first heads of 
the 4216 and 3883 groups; that is, there is an intensification of the 
structure lines near the head of each band, a conspicuous break in the 
sequence of the lines at a short distance from the head, and a greater 
development of the lines immediately following the break. It is probable 
that a complete investigation of the structure of these bands, in relation to 
the modified violet bands, would throw additional light on the supposed 
connection of the two groups, but it would be a laborious piece of work, 
and cannot at present be undertaken. In addition to the bands noted 
by King at 3910, 3945, 3985, there is evidently one near 3883, and another 
about 4030, 

The Hydrocarbon Band 4315.—The hydrocarbon band 4315 appeared in 
the glow spectrum in the case of carbon compounds which contain hydrogen, 
and in cyanogen which had not been completely freed from water vapour. 
Like the cyanogen bands, this also shows very considerable modifications as 
compared with the bands obtained from flames. This will be seen from 
Plate 6, fig. 7, in which the band given by the oxy-coal-gas flame is com- 
pared with that given by acetylene in nitrogen. No new lines appear in 
the glow band, but there are great differences in the relative intensities of 
the structure lines in the two spectra. Particularly striking is the concen- 
tration of luminosity about the head of the band at 4515. This is followed 
by a dark space about 5 tenth-metres broad, on the more refrangible side, 
after which there is a special intensification of the first half-dozen structure 
lines. On the less refrangible side, the flame line 4524 almost disappears 
in the glow, and the more refrangible members of the group lying between 
4335 and 4390 are especially developed. The character of the change 
corresponds generally with that of the violet cyanogen bands, and of the 
negative band of nitrogen 5914, under reduced pressure, and the variations 
are possibly to be accounted for in the same manner. 


(‘Monthly Notices R.A.S.,’ vol. 70, p. 490). These bands had not.then been observed in 
any other compound of carbon and were provisionally attributed to carbon monoxide ; 
their presence in cyanogen may have been due to an impurity, or the real origin of the 
bands may be carbon. The bands in question are generally similar in structure to the 
new cyanogen bands 4495, ete., and it is remarkable that they oceupy positions with 
respect to the bands of the Swan spectrum corresponding to those which the new 
cyanogen bands occupy with respect to the violet bands 460, 421, and 388. 
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Summary and Conclusions. 

(1) The spectra generated by the nitrogen afterglow do not differ funda- 
mentally from those. which can be produced by other means of excitation. 
In many cases, however, band spectra are better displayed in the glow, and 
the more refrangible parts of the spectrum are more completely developed. 
The method therefore adds to our resources for the production of spectra. 

(2) The spectra of metallic substances approximate to those obtained in 
the electric arc, or are intermediate between arc and flame spectra. In the 
case of sodium, when sufficiently heated, the maximum intensity in the 
principal series is at X 3303, the D lines being nearly extinguished. 

(5) The spectra given by iodine, chloride of tin, and mercuric iodide are 
very similar to those obtained from vacuum tubes. There is, however, 
a greater development of the more refrangible parts of the spectrum in the 
case of the glow, 

(4) The band spectrum of cuprous chloride is more completely developed 
in the glow than in the Bunsen flame. It shows an additional series of 
bands in the ultra-violet which is probably related to the series which 
constitute the flame spectrum. 

(5) The spectra exhibited by sulphur, sulphuretted hydrogen, and carbon 
disulphide consist of bands which are quite distinct from those given by 
sulphur in a vacuum tube, but resemble the bands of the carbon disulphide 
flame in air, 

(6) The cyanogen spectrum which is developed in the glow by cyanogen 
and certain other compounds of carbon differs in several respects from that 
observed in the cyanogen flame or carbon are. Some of the differences 
appear to be due to the production of the spectrum at a relatively low 
pressure in the glow. A new set of bands, occupying positions near the 
more refrangible edges of the violet groups, occurs in the glow spectrum, 
and has also been observed during the phosphorescent combustion of 
cyanogen in ozone. 

DESCRIPTION OF PLATE. 

(1) Spectrum of iodine in afterglow. 

(2) Spectrum of stannic chloride in afterglow. 

(3) Spectrum of cyanogen produced by carbon tetrachloride in afterglow. 

(4), (5) The cyanogen bands 4216 and 3883; (a) as given by carbon arc in air; (0) as 
given by acetylene in the afterglow. 

(6) A group of “tail” bands of cyanogen ; (a) and (c) as given by cyanogen and carbon 
tetrachloride respectively in the afterglow ; (b) as given by the carbon are in 
air. ‘The marked heads are 3910, 3945, 3985, 4030. The greater development 
of the new bands 4153, 3850, by cyanogen, as compared with carbon tetra- 
chloride, is also shown. 

(7) The hydrocarbon band 4315; (a) as given by the oxy-coal-gas flame ; (b) as given 
by acetylene in the afterglow. 


ee 
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The Less Refrangible Spectrum of Cyanogen, and its Occurrence 
un the Carbon Arc. 


By A. Fow.er, A.R.C.S., F.R.S., Assistant Professor of Physics, and H. Suaw, 
A.R.C.S., F.R.A.S., Demonstrator of Astrophysics, Imperial College of 
Science and Technology, South Kensington, 


(Received November 13,—Read November 23, 1911.) 


[Pcare 7.} 


Introductory. 

In connection with Prof. Strutt’s investigations of the interaction between 
the active modification of nitrogen and certain compounds of carbon,* it 
became necessary to compare the resulting spectra with the spectrum given 
by cyanogen under the more usual conditions of experiment. It was then 
discovered that while precise measurements of the well known bands in the 
violet and ultra-violet had been made by Kayser and Runge, only roughly 
approximate positions had been tabulated for the bands, degraded in the 
opposite direction, which appear in the less refrangible parts of the spectrum. 
In view of the interest of these bands, arising from their possible occurrence 
in association with the violet bands in certain celestial bodies, as well as 
from the regularity of their structure, a new series of measurements has 
been undertaken. 

The spectrograph chiefly employed for the determination of positions was 
one of the Littrow type, giving a linear dispersion of 57 tenth-metres per 
millimetre at 6700, and 16°5 tenth-metres per millimetre at +4700, the 
length of spectrum between these points being 67cm. <A quartz spectro- 
graph giving 2 cm. for the same range of spectrum was also utilised for 
ready comparison of the spectra obtained from different sources. 


Sources of the Spectrum. 


The spectrum has been obtained from different sources, as follows :— 

Flame.-—The cyanogen was prepared by heating mercuric cyanide, and 
after drying by passage through a tube containing phosphorus pentoxide it 
was burned at a glass nozzle. In some of the observations the flame was 
surrounded by a glass chimney into which a stream of oxygen was passed, 
and under these conditions the intensity of the spectrum was greatly 
increased, 

* *Roy. Soc. Proc,,’ 1911, A, vol. 85, p. 228. 
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Vacuum Tube—On account of the rapid decomposition of the gas by the 
electric discharge, a constant stream was passed through the vacuum tube 
during the exposure of the plates, which amounted in some cases to more 
than three hours. An “end-on” tube was of necessity employed, because of 
the dark deposit of paracyanogen which is quickly formed on the walls of 
the tube in the path of the discharge. It was further necessary to remove 
and clean the glass or quartz plate through which the light was transmitted 
to the spectrograph, about once in 20 minutes. 

As obtained in this way the bands were very brilliant, and with careful 
adjustment of the supply of gas the spectrum was more easily maintained 
than in the case of the flame. 

Active Nitrogen.—Prof. Strutt has shown that when certain compounds of 
carbon such as acetylene and carbon tetrachloride are brought in contact 
with “ active nitrogen,” the resulting luminous glow or flame gives a brilliant 
spectrum of cyanogen. In the case of acetylene, the flame is of a lilac tint, 
like that of the burning gas, but with carbon tetrachloride the luminosity is 
orange in colour and the red spectrum of cyanogen is more strongly 
developed in relation to the violet. The cyanogen spectrum produced in this 
way from carbon tetrachloride offers special advantages for investigations of 
the regularity of the bands, in consequence of the better development of the 
more refrangible bands of the series, which are very feeble in the spectra 
obtained from the other sources, The violet cyanogen bands in this spectrum 
are considerably different in detail as compared with those given by the 
eyanogen flame or carbon are.* For convenience of reference the cyanogen 
spectrum obtained by the aid of active nitrogen may be called the “ glow- 
cyanogen ” spectrum. 


Description of the Spectrum. 


The main features of the red cyanogen spectrum, as seen with instruments 
of small dispersion, are well known. The spectrum consists of a succession 
of bands—degraded towards the red—which are especially intense in the 
less refrangible parts of the visible spectrum, and become generally weaker 
as the blue is approached (Plate 7, figs. 1 and 2). With adequate resolving 
power each band is seen to be composed of three flutings, the heads of 
which form a triplet with the narrower pair towards the red. On the more 
refrangible side of most of the triplets there is an additional faint head, 
separated from the first component by an interval slightly greater than that 
between the two closer members of the triplet. The triplets, however, are 


* See Strutt and Fowler, ‘ Roy. Soc. Proc,’ this vol., p. 105. 
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the most striking features of the spectrum when moderate dispersion is 
employed. 

The spectrum shows considerable variations according to the source from 
which it is obtained. As will be seen from the data given in Table I, the 
relative intensities of some of the bands are far from being identical in 
the different spectra. The band near D (5859) is a notable example, being 
strong in the vacuum tube and glow-cyanogen spectra, but weak in the 
flame. Also, the bands more refrangible than 5240 only occur as traces in 
the flame, but are shown with moderate intensity in the vacuum tube, and 
better still in the glow-cyanogen. A complete comparison of the spectra 
from the three sources, however, was complicated by the presence of bands 
belonging to other spectra in the case of the flame and vacuum tube. In 
both flame and vacuum tube the bands of the Swan spectrum of carbon 
appeared, and the hydrocarbon band 4315 was also usually present. The 
vacuum tube spectrum generally showed, in addition, the carbonic oxide 
bands 6079, 5610°26, 5198°33, and 4835°44, probably on account of the 
imperfect removal of water vapour. The vacuum-tube spectrum further 
differed from the flame spectrum in showing some of the nitrogen fiutings, 
though as a result of the constant changing of the cyanogen in the tube 
the bands of the first positive group were only shown as feeble traces, and 
those of the second positive group were not strong enough to be troublesome 
in the region under investigation. 

In accordance with many previous observations,* it was found that when 
the cyanogen flame was fed with oxygen the whole spectrum was greatly 
increased in brightness, and that the Swan bands were especially intensified 
(fig. 4,@). The relative intensities of the various cyanogen bands, however, 
were not greatly affected. 

The spectrum produced by carbon tetrachloride in active nitrogen was 
practically free from contamination with other spectra. There were practi- 
cally no indications of the hydrocarbon band 4315 or of the bands of the 
Swan or carbonic oxide spectra. Bands of nitrogen were present, but they 
were not strong enough to interfere with the identification of the cyanogen 
triplets. 

It should be remarked further that the visibility of the fainter triplets 
varied greatly with the source and with the dispersion of the instrument 
employed. In some cases these faint bands were masked by the structure 
lines emanating from adjacent stronger heads. 


* E.g., Morren, ‘ Ann. de Chim. et de Phys.,’ 1865, series 4, vol. 4, p. 312. 
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Determination of Wave-Lengths. 


The bands in the extreme red were observed visually, and the positions 
of those less refrangible than 7000 were determined by the use of a wave- 
length spectroscope. 

For the part of the spectrum more refrangible than 7000 the wave-lengths 
were determined from photographs taken with the Littrow spectrograph, the 
iron arc being used as a term of comparison. Sufficient iron lines were 
included in the measures to indicate the corrections to be applied to the 
wave-lengths calculated by the use of the Cornu-Hartmann formula. 

It should be explained that the wave-lengths tabulated can only be 
regarded as close approximations. As in the case of flutings in general, 
there is evidence that the heads are complex groups of lines, and the 
measured wave-lengths will, therefore, depend to some extent upon the 
dispersion and resolving power of the instrument employed. In order to 
obtain a consistent system of wave-lengths for discussion of the regularity 
of the bands, the values tabulated, with the exception of those for the bands 
in the extreme red, were obtained from a single photograph of the spectrum 
of “ glow-cyanogen,’ in which the dispersion at D was 38 tenth-metres per 
millimetre, and the purity of the spectrum at the same place 4000 (fig. 1). 


‘Spectra of greater purity were also obtained, but the identification of the 


heads was in some cases less certain on account of the interference of 
structure lines belonging to adjacent flutings. 

An attempt has been made to include all the fainter bands so as to make 
the investigation of the structure of the spectrum as complete as possible. 
Some of the heads would not have been identified as such if their existence 
had not been indicated by the arrangement of the bands in series. 

The positions of the various bands are indicated in Table I. Column 1 
gives the wave-lengths, Columns 2, 3, and 4 the relative intensities in the 
flame, vacuum-tube, and glow-cyanogen spectra respectively, as roughly 
estimated on a scale of 10 for the brightest band; Column 5 shows the 
oscillation frequencies in vacuo; Column 6 indicates the series to which 
each band belongs according to the analysis which is given later, and 
Column 7 the difference (in frequency) between the value observed and that 
calculated from the series equation. 
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Table I. 
Intensity. | 
Wave: __}| Oscillation | 
ait. | frequency | Series. |O—O. Remarks. 
Sogn. Flame, | Vacuum| Glow- | (in tert 
‘| tube. oyanogen._ 
| 
| re 
74850 13446 | 76 63 | +4 | Most refrangible head of 
| | a band observed visually. 
7283) | 13727 Visual observations. 
7273 | 13746 
7259) | 13772 7 64| 0 | 
| 
7119) | 14043 — | Visual observations. 
7110} | 14061 | | 
7091 ) 14098 | 78 65) —4 © 
| | 
6961 °6 1 1 14361 | 74 60| —2 Probable most refrangible 
| 7 head of a faint triplet. 
6954 °9 | . 14374 
6946 °O 2 2 1 14398 
6928 -2 | 14430 | 79 66 | —3 
: 
6818-2). 14663 Also a faint head at 
6so9's $< 2 3 14681 6780 *2 (14745). 
67931} | 14717 | 75 61) —2 
6657 *2 | 15017 Also a faint head at 
6648 °7 4 9 7 15036 | 6621 °4 (15098). 
6632 *2 15074 | 76 62)| —1 | 
6503 *0 15873 | Also a faint head at 
6494 °7 9 10 10 15393 6467 *3 (15458). 
6479 °3 15430 | 77 68 —1 
6457 -O 15483 | 
6448 °9 1 1 15502 | 
6433 °3 J 15540 | 73 58 | +2 
| 6855 °5) 15730 
6847 “9 10 9 6 15749 
| 6332 ‘8 15786 78 64 —1 
6301 *8 15864 Also a faint head at 
6294 a| 1 2 15883 6272 °5 (15938). 
6280-0} 15919 74 59) 0 
6214-4) | 16087 
6206 *7 | 6 4 1 16107 
6192 °3 | 16145 | 79 65 | +2 
6154°1 16245 Also a faint head at 
6147 4 <1 3 3 16263 6124 “4 (16824). 
6133 *6 16299 | 75 60| —1 
6013 5) 16625 Also a faint head at 
6006 | 2 6 6 16643 5984 “9 (16704). 


| 16680 | 76 61| —2 
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17007 
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17389 
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17393 
17410 
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17771 
17791 
17828 


17800 
17817 
17856 


18207 
18225 


18263 


18614 
18632 
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19023 
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19331 
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Remarks. 





Q | Probable most refrangible 
head of a faint triplet ; 
other components masked 
by next band. 


| Also a faint head at 
| 5850 “6 (17078). 





Also a faint head at 
5722 *4 (17470). 





—1 
Superposed on previous | 
stronger triplet, and not 
—| separately o served with | 


small dispersion. 


Overlapped by next band. 
Both are involved in the | 
0 5635 band of the Swan | 
spectrum in the flame | 
and vacuum tube. | 


Also a faint head at! 
5591 *2 (17880). 
0 | 





Also a faint head at 
5467 “4 (18285). 
—l 
Also a faint head at 
5348 “4 (18692). 
—2 
Also a faint head at 
5233 ‘2 (19104). | 
all | 
. 
Also a faint head ati 
5150 *4 (19411), | 
+3) These are superposed on— 
/ the 5165 band of sq 
(| Swan spectrum in the 
| flame and vacuum tube. 
0) | 
+1 


Also a faint head at 


4931 °3 (20273). 
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Table I—continued. 

















. Intensity. 
: _| Oscillation | 
ae: frequency | Series. O—C. Remarks. 
| Sas Flame, ¥#cuun Glow- | (in vacuo). 
| "tube. | cyanogen, | 
| | | | 
) Pp. m. | | 
| 4845-9 20630 Also a faint head at 
4842 °3 ? 4 20646 | 4828 -3 (20706). 
4833 *2 20685 78 61) —-1 | 
| | | 
4798 °1 20836 | | 
4794 °6 1 20851 ) | 
A785 °5 20891 75 87 | +1 | 
| 
4746 -O 21065 
4742 °3 2 21081 | 
4733 °3 21121 | 79 62 ‘| These are superposed on 
P | the 4737 band of the 
oc s 5 tes | | Swan spectrum in flame 
| eE810 | || and vacuum tube 
4682 6 21350 76 58 OJ | . 


In addition to the bands given in Table I, there were indications of fainter 
bands, the wave-lengths of which could not be satisfactorily determined 
from the photographs available. The arrangement of the bands in series, 
however, permits the calculation of the positions of these faint bands, and 
for completeness, the calculated wave-lengths of the more refrangible heads 
are stated below. 


Fainter Cyanogen Bands. 


| Worelength (ai), | Frequeny (news), | Seron Wave-length (air). Frequency (in vacuo). Series. 








p. m™. 
5398 *4 18519 73 (56 
5274°8 18953 74 57 
5005 *6 19972 738 55 
4893 *2 20431 74 55 
4554 °O 21809 77 ~=2459 
4489 *5 22268 78 60 
4398 °*8 22727 79 «61 
4283 °3 23340 77 «58 





Series Relationships. 

The triplets comprising the spectrum appear to be essentially similar to 
each other, and equally spaced, or nearly so, when estimated on the scale of 
oscillation frequencies. In the discussion of the distribution of the bands 
it will therefore suffice to consider the more refrangible members of the 
triplets. 
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An analysis of the frequencies has shown that the bands can be arranged 
in series which are similar to those in which the first positive bands of 
nitrogen have been arranged by Cuthbertson* and Deslandres.f This is 
shown in Table II, from which it will be seen that the bands form series of 
the usual type, whether taken in vertical or horizontal order. The bands in 
any single series are closely represented by Deslandres’ formula, n = A+ Bm’, 
in which A and B are constants, and m is a number increasing by unity for 
successive values of 2. 

If we consider, say, the vertical series, it is clear that the equation 
ealeulated from one of them should be applicable to the remainder by a mere 
change in the value of A, and the figures show that A will vary in such 
a manner for the different series that it can be represented by another 
equation of the same form. Hence, all the bands may be included in 
Deslandres’ general equation 


n= A+ Bn? — Up’. 


Table 11.—Regularity of Cyanogen Bands (oscillation frequencies in vacuo). 
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79 78 77 76 75 74 
4430 
1715 
6145 2047 14098 
1683 1688 
7828 2042 15786 2014 13772 
©1659 1659 1658 
S9487 2042 17445 2015 15430 1984 13446 
3 1634 1633 1634 1628 
1121 2048 19078 2014 17064 1990 15074 
= 1607 1606 1606 
- 20685 2015 18670 1990 16680 1963 14717 
a 1982 1583 1582 
20252 1989 18263 1964 16299 1938 14361 
1558 1557 1558 
19821 1965 17856 1987 15919 
1529 1532 1531 
21550 1962 19388 1938 17450 1910 
1503 
20891 


* ‘Phil. Mag.,’ 1902, [6], vol. 3, p. 348. 
+ ‘Compt. Rend.,’ 1902, vol. 134, p. 747. 
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The coefficients B and C, which are equal to half the second differences in 
the vertical and horizontal columns respectively, appear to have the same 
value in the case of cyanogen, and the general equation may therefore be 
written in the simplified form 


n= A—B(p?—im’). 

By the use of this equation, a greater range of values of m may be utilised 
than in calculations based on a single series, and a more accurate representa- 
tion of the several series may be expected on account of reduced extrapola- 
tion. In the actual calculation all the bands have been used in the 
determination of the constants, and the resulting equation may be written 


nm = 1290 [(p+06P—(m+0°8)]—9741. 
For the bands tabulated, p ranges from 73 to 79, and m from 56 to 66, 
and, as will be seen from the values O—C (observed minus computed) given 


in Table I, the equation represents all the bands very closely, and probably 
within the limits of error. 


Occurrence in the Carbon Are. 


The occurrence of the violet and ultra-violet cyanogen bands (4606°33, 
4216°12, 3883°55, 3590°48) in the spectrum of the are between carbon 
poles at once suggests that the less refrangible bands under consideration 
should also appear in company with them. Hitherto, however, their 
presence does not seem to have been recognised. 

Besides the violet and ultra-violet bands of cyanogen, and the Swan bands 
of carbon (5635°438, 5165°30, 473718, 4381°93), the carbon arc shows an 
immense number of fine lines in the yellow and red, which, so far as we 
are aware, have not previously been assigned to any definite substance. 
These lines evidently belong to a banded spectrum, although no distinct 
heads of flutings are recognisable with the instruments of high dispersion 
which are most frequently employed for so bright a source (see Plate 7, 
fig. 5). In observations with small dispersion, however, the lines are seen 
to be much more densely crowded together in certain places, giving the 
appearance of ill-defined bands, and comparison photographs, such as those 
in Plate 7, fig. 4, indicate that these brighter places in the are spectrum 
coincide in position with the heads of cyanogen bands. All the chief 
cyanogen bands from the extreme red to that at 5240 can easily be traced 
in the are spectrum in this way. 

Conclusive evidence of a close relation between the two spectra is furnished 
by comparisons obtained with the Littrow spectrograph to which reference 
has been made. The resolving power of this instrument is suflicient to show 








| 1911.) The Less Refrangible Spectrum of Cyanogen, ete, 127 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


Peal 


a great number of the lines composing the cyanogen bands, while the 
dispersion is not too great to obscure the corresponding maxima in the 
spectrum of the are. The photographs (Plate 7, fig. 2) show very clearly 
that not only are the brightest places in the are spectrum coincident with 
the heads of the cyanogen bands, but that the structure lines are, for the 
most part, the same in both cases. From the red, as far as the Swan 
band 5635, the coincidences are very numerous, and some of the separate 
heads in the cyanogen flutings can. be traced in the arc when the cyanogen 
spectrum is made use of as a guide; the three heads of the band 6333 are 
especially distinct in the are spectrum. The comparison clearly indicates 
that the highly complex spectrum of the carbon are in the red and yellow is, 
in the main, due to cyanogen. 

The correspondence between the two spectra, however, is not complete 
when the cyanogen spectrum is obtained from a vacuum tube. While the 
vyacuum-tube spectrum shows comparatively clear spaces between sharply 
defined bands, the are spectrum exhibits an unbroken succession of lines 
with only ill-defined maxima to mark the positions of the heads of the 
bands. It would thus appear that the condition of the glowing gas in the 
arc is not identical with that of the gas in the vacuum tube. Other 
comparisons have shown, however, that a closer resemblance to the are 


spectrum is given by the flame of cyanogen, either when the gas is 


burning in ordinary air or fed with oxygen. In this case the bands are less 
clearly separated than in the vacuum-tube spectrum, and the heads are less 
distinctly marked, when the dispersion is sufficient to resolve the bands 
into their component lines (Plate 7, fiy. 3). Further, the are bands, as a 
whole, are more like those of the flame spectrum in intensities than those of 
the vacuum tube, the variation of the band near D being especially notice- 
able. It is probable that the greater similarity between arc and flame than 
between are and vacuum tube is to be attributed to the nearer equality of 
pressure conditions, as some band spectra are known to vary with pressure.* 

Experiments on the changes in the spectrum when the arc is surrounded 
by different gases have yielded additional interesting evidence as to the 
cyanogen origin of the less refrangible part of the arc spectrum. The arc 
was enclosed in a glass globe, provided with arrangements for exhaustion, 
and for the admission of any desired gas.f When the globe was merely 
evacuated, hydrogen was liberated as the poles became heated, and the arc 
was then passing in rather impure hydrogen at a pressure of a few milli- 
metres. Under these conditions, the violet bands of cyanogen were much 


* Deslandres, ‘Compt. Rend.,’ 1904, vol. 139, p. 1174. 
+ See ‘ Phil. Trans.,’ 1909, A, vol. 209, p. 449. 
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reduced in intensity, and the many-lined spectrum in the yellow and red 
practically disappeared (fig. 6, @), as would be expected on the supposition 
that this spectrum is due to cyanogen. Hydrogen was itself represented by 
H,, etc., and numerous lines of the secondary spectrum, and the hydrocarbon 
band 4315, which is not seen in the are in air, was also present. The 
Swan band 6188 was also at times well developed in the spectrum, 
presumably because it was rendered more visible by the removal of the 
cyanogen band lines, on which it is superposed when the are is observed in 
air. It would thus appear that the nearly total removal of nitrogen from 
the vicinity of the carbon poles results in the disappearance of the great 
majority of the lines in the yellow and red, and thus supports the view that 
this part of the spectrum of the carbon are in air is mainly due to cyanogen. 

When the are was passed in oxygen, either at atmospheric or at reduced 
pressure, the lines in question again disappeared, or nearly so, and the 
violet bands of cyanogen were weakened as in the previous experiment 
(fig. 6, 4). At the same time, the Swan bands in the green were brightened, 
the orange band 6188 was easily photographed, and another band of the 
Swan spectrum less refrangible than H, was occasionally observed. Both 
the orange band and the less refrangible one doubtless contribute to the 
spectrum of the carbon arc in air, but even the group beginning at 6188 can 
only be traced with difficulty. Bands of carbonic oxide, 5610, 5197, ete., 
were also occasionally seen when the arc was passed in oxygen, and in some 
of the observations of the are in vacuo. 

A similar experiment with chlorine surrounding the arc also indicated that 
the band lines under consideration were not produced in the absence of 
nitrogen. 

There is accordingly abundant evidence to show that the great majority of 
the multitude of lines observed in the less refrangible part of the spectrum 
of the carbon arc in air are due to cyanogen, while a few of them represent 
the Swan spectrum of carbon. Bands of carbon and cyanogen thus account 
completely for the arc spectrum as observed under ordinary conditions. 


Comparison with Celestial Spectra. 


Among celestial bodies the violet bands of cyanogen have been observed 
in the spectra of the sun, stars of Secchi’s fourth type, and comets. The 
laboratory experiments have given no evidence that the violet bands can 
exist apart from the red bands, except to an extent that can be accounted 
for by the greater intensity of the violet groups. Hence, when the violet 
bands appear with suflicient intensity in any source, the less refrangible 
bands may also be expected, 
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The presence of the ultra-violet band of cyanogen 3885 in the solar 
spectrum was first shown by Lockyer,* and the tables of Rowland indicate 
that the bands 4216 and 3590 are also represented among the Fraunhofer 
lines. All the bands, however, are feeble in the sun, and although the 
appearance of the less refrangible groups was scarcely to be expected, it 
nevertheless seemed desirable to make the comparison. Wave-lengths of the 
necessary degree of accuracy were obtained from photographs of the carbon 
are taken with the ten-feet concave grating (fig. 5). Although the heads of 
the cyanogen flutings cannot be recognised in such photographs, accurate 
wave-lengths of the lines composing them can be obtained. Portions of the 
are spectrum in the neighbourhood of the chief cyanogen bands were 
measured in detail and compared with the solar lines tabulated by Rowland, 
but no systematic coincidences could be established. The cyanogen spectrum 
thus appears to be too feebly developed in the sun to give appreciable 
indications of the less refrangible system of bands. 

A photographie investigation of the Type IV stars made by Hale, 
Ellerman, and Parkhurst} has demonstrated the presence in the spectra of 
these stars of the violet bands of cyanogen, in addition to the Swan bands of 
earbon which were previously identified by Secchi in the visible spectrum. 
A number of narrow bands in the red and yellow, previously noted by 
Duneér and Vogel, were also shown in a photograph of the spectrum of 
152 Schjellerup, but no significant coincidences with the less refrangible 
group of cyanogen can be certainly established. As in the solar spectrum. 
the violet bands do not appear to be sufficiently developed in this star to 
give much expectation of the visible manifestation of the red and yellow 
bands. Further comparison should be made when details of the red part 
of the spectrum become available for those stars of the fourth type in which 
the violet bands are more strongly developed. 

As regards comets, bands in the red have occasionally been noted, but no 
accurate data are available. 

Summary. 

1, Revised wave-lengths are given for the bands forming the less 
refrangible part of the cyanogen spectrum, Numerous bands which have 
not previously been recorded are included. 

2. The heads of the bands can be arranged in regular series similar to 


those constituting the first positive band spectrum of nitrogen. 
3. There are considerable variations in the relative intensities of the 


* *Roy. Soc. Proe.,’ 1878, vol. 27, p. 308. 
+ ‘Pub. Yerkes Observatory,’ 1904, vol. 2. 
VOL. LXXXVI.—a, K 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


a 


130 The Less Refrangible Spectrum of Cyanogen, ete. 


various bands, according as the spectrum is obtained from the flame of the 
burning gas, from a vacuum tube, or from the luminous glow produced by 
the interaction of certain compounds of carbon with active nitrogen. 

4. The complex spectrum of the carbon are in the red and yellow is almost 
entirely due to cyanogen. . 

5. The spectrum of cyanogen in the sun is not of sufficient intensity to give 
visible indications of the red and yellow bands. Adequate data for comets 
and Fourth Type stars are not available for comparison. 


DESCRIPTION OF PLATE. 


1, Cyanogen spectrum produced by carbon tetrachloride in active nitrogen. 
(2) Vacuum-tube spectrum of cyanogen. 
(b) Carbon arc comparison. 
3. (a) Portion of flame spectrum of cyanogen. 
(b) Carbon are comparison. 
4, Small dispersion photographs— 
(a) Cyanogen flame fed with oxygen. 
(6b) Carbon are. 
(c) Cyanogen produced by CCl, in active nitrogen. 
5. (a) lron comparison spectrum. 
(b) Carbon are (with 10 feet concave grating, 1st order). 
6. (a) Lron comparison spectrum. 
(6b) Carbon arc in oxygen at 10 in. pressure. 
(ec) Carbon are in air. 
(ad) Carbon are in vacuo (7.¢., hydrogen, etc.). 
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New Series of Lines in the Spark Spectrum of Magnesium. 
By A. FOWLER, F.R.S., Assistant Professor of Physics, Imperial College of 
Science and Technology, South Kensington. 


(Received June 12,—Read June 26, 1913.) 


Introductory. 

A recent investigation suggested that the spectrum of hydrogen was unique 
in having two Principal series of lines which are related to each other in the 
>, same manner as Diffuse and Sharp series.* One of these series begins with a 
> line at \ 4686, and the other with a line at \ 3203, the two series converging 
‘© to the limit 48764 on the frequency scale. The lines in question have so far 
S only been produced by passing powerful discharges through helium tubes(which 
0 also contain hydrogen), but in accordance with the work of Rydberg, they have 
3 5, been attributed to hydrogen on the ground of their series relationship with 
lines known to be due to hydrogen. 

In seeking for further examples of such series, analogy with hydrogen 
suggested spark spectra as the most promising sources. One of the most 
remarkable spark lines is the well-known line of magnesium A 4481, which is 
pay not visible at all in the are, but is by far the strongest line in the 
"3 spark. Further, there is a series of single lines in the are spectrum of 
magnesium, first identified as such by Rydberg, which it seemed might possibly 
@ be analogous to the Balmer series of hydrogen lines. Magnesium therefore 
= appeared to be a very suitable element for investigation, but existing records 
F of the spectrum were altogether inadequate for the purpose in view. There 
= were, in fact, only two recorded lines which could possibly be connected in 
® series with 4481; namely, the lines given by Exner and Haschek at 3106°5 
and 2659°5. Other associated ultra-violet lines, however, have now been 
hotographed, and it results that the spark lines form two series like those of 
ydrogen, 4481 being analogous to the first Principal line of hydrogen 4686. 
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Method of Observation. 

The magnesium spark lines, as ordinarily obtained, are too diffuse for 
accurate measurement, and it appears from the present investigation that in 
the far ultra-violet they are even too diffuse to be recognisable. The lines 
may be narrowed by the use of self-induction, but they are at the same time 
weakened, and the more refrangible lines were then too feeble for observation. 
It is known, however, that the spark lines are also brought out when the arc 

* ‘Monthly Notices R.A.S.,’ 1912, vol. 73, p. 62. 
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is passed in vacuo; that is, in reality, in a low-pressure atmosphere of 
hydrogen liberated by the heated metal.* Under these conditions the lines 
are well developed and sharply defined, and by this method it became possible 
to photograph five additional lines which were evidently related to the three 
spark lines already mentioned. The apparatus employed was identical with 
that described in a previous paper for the observation of the spectrum of 
magnesium hydride.*+ 

In addition to the spark lines, the are in vacuo also exhibits the are and 
flame lines, and the bands attributed to magnesium hydride. The spark 
lines, however, are easily identified by comparison with the are in air. In 
the region beyond » 2540, the five new spark lines are, in fact, the only lines 
present in most of the photographs.} 

An iron are comparison was utilised in the determination of wave-lengths, 
except for the extreme ultra-violet, where, in the absence of tabulated iron 
lines, the comparison spectrum was that of copper. 


The New Series of Spark Lines, 


Wave-lengths and other details relating to the new series lines are given 
in the appended tables. The wave-lengths are on Rowland’s scale, and the 
oscillation frequencies have been corrected to vacuum, 

A mere inspection of the photographs suggests that the eight lines form a 
single series having the usual characteristics, but calculations show that they 
must be divided into two series by taking alternate lines. As the new series 
consist of enhanced lines, they may be conveniently designated E, and Ke, to 
distinguish them from the other magnesium series, which already include 
Principal, Diffuse, and Sharp series of triplets in addition to the Rydberg 
series of single lines. 

The Hicks formule for the two series, as calculated from the first three 
lines in each ease, are 


Ei (m) = 49775°81— 109675 


109675 


Ha(m) = 49770°30 — 796895 + 0002884] mp 


Observed minus computed values of the frequencies (O—C) are given in 
Column 6 of the tables. 


* Fowler and Payn, ‘ Roy. Soc. Proc.,’ 1903, vol. 72, p. 253. 
+ Fowler, ‘ Phil. Trans.,’ 1909, A, vol. 209, p. 449. 
{ See plate accompanying paper by Fowler and Reynolds, this vol., p. 137 







Limit of 
error. 


Wave-length 
(Fowler). 











1 4481 °35 0-03 
2 2661 °00 0-05 
3 2329 *68 0-05 
4 92202 “75 | 0-05 
Wave-length | Limit of 
sa (Fowler). error, 
2 3104 ‘91 0-03 
3 24.49 68 0-05 
4 2253 *O4. 0-05 
5 2166 °35 | 0-10 
| 


respective frequencies :— 
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Mg E,...... 22308'5 
HPI... 213844 
Dill. wt 9741 
Mg E....... 32197-9 
HPI ... 312089 
DUE os... 989-0 








| 





Spark Series EK}. 


Oscillation 
frequency. 


22308 *5 


37569 0 


42911 °5 


45383 9 | 








Limit of 
error. 


O—C 


0°1 0-0* 
0°7 0 -O* 
0°9 0 '0* 
1°0 +0°2 





Spark Series Es. 


Oscillation 
frequency. 
32197 *9 


40809 *7 
44353 °3 


46146 4 


37569°0 
365747 





994°3 


40809°7 


39808°2 


1001°5 





' 
: 
’ 
; 
; 


Limit of | 
error. |(frequency).. 


os | 


; 








42911°5 
41907°9 


1003°6 


44353°3 
43348°4 





1004°9 


* Used in caleulation of constants. 


O—CO 


0 -0* 


0 -0* 
0 :0* 


—0°3 


* Used in calculation of constants. 


4 


(frequency). 
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Remarks, 


_ Strongest line in spark, 
Exner and Haschek’s 
_ 2659 °5. 

Too diffuse for observa- 


| 
| 


: 


) 
| Exner and Haschek’s | 
’ 
; 


3? 


tion in spark. 


+B] 


Remarks. 


3106 °5. 
Very diffuse in spark. 
Too diffuse for observa- | 
tion in spark. 


0383'9 


44374°2 


1009°7 


46146°4 
45137°5 





1008°9 


9 


>? 


It will be seen that the calculated limits of the two series are practically 
identical, and that the values of w differ by very nearly 0°5, as is also the 
case with hydrogen. The two spark series of magnesium are accordingly 
similar to the two Principal series attributed to hydrogen, and run nearly 
parallel to them, as will be evident from the following comparison of the 


Limits. 
(49775°8) 
(48764-0) 


1011°8 


Limits. 
(49776°3) 
(48763°8) 


1012°5 


The similarity not only refers to the distribution of the lines in series, but 
also, to a considerable extent, to the manner in which the two sets of lines 


are produced. 
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Besides the above lines, there are four other magnesium spark lines which 
do not belong to the series. They are very hazy in the spark itself, but are 
well defined in the are in vacuo. The wave-lengths of these lines are 
438486, 4390°80, 4428-20, and 4434-20, 3 


LThiscussion. 

If the new magnesium lines are to be regarded as forming Principal 
series, the Rydberg-Schuster law of limits would lead us to expect associated 
Diffuse and Sharp series, with their common limit at 49776—22309, de. at 
27467. The Rydberg series of single lines, however, has its limit at 26618, 
and there is apparently no other series which can be supposed to have any 
closer relation to the spark lines. In the case of hydrogen there is a 
similar discrepancy, but of much smaller amount; thus, 48764—21334 
= 27430, while the limit of the Balmer series is actually at 274188. It 
would thus appear that the Rydberg-Schuster law, in its present form, does 
not accurately connect the spark series with series produced in the are. Or 
it may be that the law fails only when there are two Principal series 
converging to the same limit. 

Attention may be called, however, to another possible relation between the 
spark and the Rydberg series. If, in the application of the Rydberg- 
Schuster rule, we use the variable part of the Ey, spark equation given by 
m = 1, in place of the actual limit of the series KE, and Ey, we get a much 
closer approximation to the limit of the Rydberg series. Thus, VE, (1)* 
= 48791, and, if the first line of series E,; be subtracted from this, it gives. 
26482, differing by 136 from the limit of the Rydberg series. A still closer 
approximation is obtained if a simple Rydberg equation be calculated for 
series Ey, namely, from the first two lines, 


109675 


hi — 497794 
Es(m) = 49772°4 im + 0498116)" 


This gives VE,(1) = 48867, and subtracting 22309 as before, the result is. 
26558, differing by only 60 from the limit of the Rydberg series. 

In view of the approximate character of all series equations, there is thus 
a strong suspicion that the spark series may be related to the Rydberg series 
in such a way that the limit of the latter is equal to the difference between 
the variable part of the equation for the second spark series with m = 1 and 
the frequency of the first line of the first spark series. It should be 
mentioned, however, that, in the case of hydrogen, the discrepancy is 
slightly increased if this alteration in the Rydberg-Schuster law be made. 


* In this notation V signifies “variable part ” of equation. 
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Until other examples of spark series have been discovered, it is evident that 
no definite conclusion can be drawn. 

| An alternative view would be to suppose that the new series, both in 
magnesium and hydrogen, are series of a new type, having no necessarily 
simple relation to other series in the respective spectra. In that case the 
two series attributed to hydrogen might equally be supposed to belong to 
helium, the presence of which is necessary for their production in the 
laboratory ; it is difficult to believe, however, that the close agreement of 
one of the series with the Principal series calculated for hydrogen by 
“ Rydberg is merely accidental. 





Additional Triplets and other Series Lines in the Spectrum of 
Magnesium. 


‘4 By A. Fow er, F.R.S., Assistant Professor of Physics, Imperial College of 
Science and Technology, South Kensington, and W. H. ReyYNOLDs, B.Sc., 
Research Student. 


(Received June 12,—Read June 26, 1913.) 


[PLate 7.] 


Introductory. 


Recent photographs of the spectrum of the magnesium arc in vacuo, taken 
s primarily for the investigation of enhanced lines,* have revealed several 
Zadditional members of the triplet and single line series. For some of the 
'S previously known lines it has also been possible to obtain improved wave- 
lengths on account of their greater sharpness under these conditions. It is 
© believed that the results will form a useful contribution to the general study 
of series lines, and they have accordingly been brought together in the 
present communication. 
For the representation of the series, the Ritz formula, as modified by 
Mogendorff}+ and Hicks,t has been employed, namely 


109675 _ 
(m+p+a/m)’ 
* See Fowler, this vol., p. 133. 


t ‘Roy. Acad. Amsterdam Proc.,’ 1906, vol. 9, p. 434. 
} ‘Phil. Trans.,’ 1910, A, vol. 210, p. 57. 
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Until other examples of spark series have been discovered, it is evident that 
no definite conclusion can be drawn. 

An alternative view would be to suppose that the new series, both in 
magnesium and hydrogen, are series of a new type, having no necessarily 
simple relation to other series in the respective spectra. In that case the 
two series attributed to hydrogen might equally be supposed to belong to 
helium, the presence of which is necessary for their production in the 
laboratory ; it is difficult to believe, however, that the close agreement of 
__ one of the series with the Principal series calculated for hydrogen by 
SI Rydberg i is merely accidental. 





Additional Triplets and other Series Lines in the Spectrum of 
Magnesium. 


‘By A. Fowxer, F.R.S., Assistant Professor of Physics, Imperial College of 
Science and Technology, South Kensington, and W. H. REYNOLDs, B.Sc., 
Research Student. 


(Received June 12,—Read June 26, 1913.) 
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Introductory. 


=< Recent photographs of the spectrum of the magnesium are in vacuo, taken 
=primarily for the investigation of enhanced lines,* have revealed several 
Badditional members of the triplet and single line series. For some of the 
‘3 previously known lines it has also been possible to obtain improved wave- 
lengths on account of their greater sharpness under these conditions. It is 
© believed that the results will form a useful contribution to the general study 
of series lines, and they have accordingly been brought together in the 
present communication. 
For the representation of the series, the Ritz formula, as modified by 
Mogendorfft and Hicks,t has been employed, namely 


109675 _ 
(m+p+alm)’ 
* See Fowler, this vol., p. 133. 


t ‘Roy. Acad. Amsterdam Proc.,’ 1906, vol. 9, p. 434. 
} ‘Phil. Trans.,’ 1910, A, vol. 210, p. 57. 


ro 


n= Ny. 
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where 7 gives the oscillation frequencies of successive lines corresponding to 
integer values of m; n,, is the convergence frequency, or limit, of the series ; 
109,675 is the general series constant derived from the Balmer series of 
hydrogen lines; ~ and a are constants to be determined for each series. In 
some cases, it has been necessary to introduce an additional term Sm-? in 
the denominator, as found by Hicks, in order to represent the lines with 
greater accuracy. 

The spectrum of the magnesium are im vacuo, in the visible region, has 
already been described by Fowler and Payn.* Photographs including the 
ultra-violet are reproduced in Plate 7. They show the bands attributed to 
magnesium hydride, together with the lines which are characteristic of the 


arc, spark, and flame. In the visible spectrum the Rydberg series of single 


lines is well developed, while in the ultra-violet the triplets and spark lines 
are striking features. Observations have shown that the spark lines are best 
developed on the negative pole, while the arc lines are especially conspicuous 
in the green flame. 

In the tables which follow, the wave-lengths are on Rowland’s scale 
throughout, and oscillation frequencies have been reduced to vacuum. 


The Diffuse (First Subordinate) Series of Triplets. 


Details relating to the Diffuse series of triplets are given in Table I, 
Kayser and Runge’s values being included for comparison so far as they go. 
The formula calculated for the less refrangible components of the triplets, 
from the first two and last of the observed members of the series, is 


109675 


1D) = 89758" 2 
(m) = 9970872 —— 331706 —0°007687 mp 


The observed minus computed values of the frequencies (O—C) are given 
in Column 8 and it will be seen that this formula does not represent the 
series quite within the estimated limits of error, but very nearly so. A more 
accurate representation of the lines is given by including a term Bm~*, 
namely 


D(m) = 39759:06— 109675 


(n+ 08253714 0023416/m —0 036786 /mape 


As shown in Column 9 (O—C’), the lines are very closely represented by 
this equation. 


* ‘Roy. Soc. Proc.,’ 1903, vol. 72, p. 253. 
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and other Series Lines in the Spectrum of Magnesium. 


Table I.—The Diffuse Series of Triplets, 


3097 “08 
93 -09 
91°19 


2851 *76 
48 *54 
46°88 


2736 “63 
33 "64 
32°16 


2672 °53 
69 "66 
68°24 


2632 ‘98 


30°14 — 


28°73 
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* These lines were used in the calculation of constants. 
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9, 10. 
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formule. 
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* Used for the calculation of constants. 
+ The wave-lengths in Column 4 for this triplet were caleulated from the formula. 
ina group of five relatively strong lines, and its components appear to be masked by lines for which 
the wave-lengths are 2781 62, 2778°39, 2776 °86, 
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The Sharp (Second Subordinate) Series of Triplets, 
Details of the Sharp series of triplets are given in Table II. The 
formula calculated for the less refrangible sid eae from the first three 
and the last line is 


S(m) = 39759'18— 109875 


(m+1:375125 —0:058307 /m —0-002355/m?)? 


Following Hicks, a term Pm~* has been introduced for the better repre- 
sentation of this series, and w has been taken greater than unity. 

It will be seen that the eight lines are represented almost perfectly by 
the equation given above, and the limit of the series only differs by 


Table I1—The Sharp Series of Triplets, 






































K. and R. | F, and R. é 
noe —— . Oscilla- | Limit}; O—C 
a tion of (fre- Remarks. 
Wave- ae Wave- eg frequency. | error. | quency). 
length. length. | 
| : error. | error. | 
1 518384 | 0-03 192850 | 0:1 -00* | Rowland in Sun 5183 -79 
2°87 | 0-08 | 325°9 | : if 72°86 
67°55 | 0°03 | | B45 °8 | oF ce 
; ) 
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30-08 | 0-03. | —— 020+1 . : 30°04 
| 
8 | 2942°21/0°3 | | 33977°6 | 0-3 | 0-0* 
38°67 | 0° | | B4018 5 | 
a6 “99 | 0°38 | U38 ‘0 | A strong line near at 2936 °61 
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: : ) 
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— 98°97 | 015 93°85 | 0-03 «1108 | 
G | 2649°30 | 0°50 | 2649°'12 | 0°08 | 87737 °4 0 *4 | —O'l 
| 46°61 | 0°50) 46°27 | 0°05 | 7780 | 0°7 | 
45°22 | 0°50 44°88 |0'10| 797°9 | 1°65 | 
14 | | 2617 °5 0°03 38192°4 | O-4 0°O Third member not observed. 
| 14°74 0°05 | 233 *6 0°7 
| 
8 2596 °01 | 0°03 | 38509 ‘4 | O'4 0-0* | 
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2779 *94, 


The triplet falls 


The other two neighbouring lines are 2783 °08, 
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- 012 from’ the limit caleulated for the Diffuse series when the term S~? is 
introduced, 

As regards the agreement of the observed and calculated values, however, 
an almost equally good result is obtained by taking wu less than unity, so 
that m is 2 for 5183°84. Using the same lines as before the equation then 
becomes 


S(m) = 39760-48— 109675 


(nm + 0°361817 + 0:039793 /m— 0°269293 / m2)?’ 
— The limit is scarcely changed, and the differences O—C are respectively 
S00, 0-0, 0:0, (2), +06, +05, +02, 0:0. Applying Rydberg’s law this 
>equation would lead us to expect an ultra-violet series, the Jimit of which 
= (obtained by putting m = 1) would be at 85540, and the first line of the 
= first triplet at 45780° (A = 2184°36). The observations include the region 
Swhich would be occupied by this triplet, but the lines have not been 
Bobserved, 
oh Hence, the first equation is probably correct, as Rydberg’s law then 
= indicates a principal series of triplets in the infra-red with its limit at 
= 39759 ~ 19285 = 20474. This series has apparently been observed by 
BPaschen,* and the limit calculated from the actual lines observed is given by 
Bhim as 20466°7 

From the ants given the mean interval between the first and second 
members of the triplets in the Diffuse and Sharp series is 40°6, and that 
= between the second and third 20:1. The formule connecting the second 
Zand third components may accordingly be deduced by subtracting 40°6 and 
=60°7 from the first terms of the equations representing the first members of 
=the triplets given above. | 
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The Rydberg Series. 

As produced in the are in air, the lines of the Rydberg series of single 
lines are very diffuse, especially on their less refrangible sides, and except 
for the first few lines the wave-lengths have not previously been determined 
with any great degree of accuracy. The are in vacuo gives them quite 
sharply, and advantage has been taken of this to get better values for the 
waye-lengths. In Table III the first line is from Paschen; the next three 
are from Rowland’s solar tables; the next four were determined from a 
photograph of the are in vacuo taken with a 10-foot concave grating, and the 
last three from photographs with’a prismatic spectroscope. 

This series has long been recognised as one which cannot be accurately 
represented by a formula, and the revised wave-lengths provide a further 
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test. The Hicks equation calculated from the first three and last lines of 
the observed spectrum is 





109675 


am) se OL SD ms a 
ee ae yore 2 (m + 0°314582 + 0°899929 /m —0°269730 /m?)? 





The differences, “ observed —computed ” frequencies, are shown in Column 8. 


Table I11.—The Rydberg Series of Single Lines. 



































Previous measures, | FF, and R, | 
pee ae ae ee valli hentnentain -- , p wi 
Oscillation | 
| Limit | wy Limit | frequency. : O=8: | Remarks. 
| Wave-length. | of mols of spi | 
) length. | 
g 
| | error, error. | | | 
| 8807 °3 P. 11351 ‘1 P. —186°7 | P. = Paschen. 
| 6528 64 RK. 18082 °7 R. 0-O*; R. = Rowland. 
| 4703 °18 ,, 21256 °4 ,, 0°0*| K. R. = Kayser and 
| 4352 -08 ,, | ) | 229711 ,, . | 0 -0* Runge. 
* 4167 °81 K.R.| 0°10 | 4167°55 | 0-02 | 23988 -2 F, R. | O1 | +06 1|F.R. = Fowler and 
| 4058-45 ,, | 1:00 | 4057°78 | 0-02 | 246371 ,, | O-1 +1°5 Reynolds. 
3987-08 ,, | 1°00 | 3986-94 | 0-02 | 250748 ,, | O-1 | 42°55 
| | 3938 58 | 0°03 | 25382°7 ,, | 0-2 | +2°8 
| | | 3904°17 | 0-05 | 25606°3 ,, | 0°83 +1°7 
| 3878-73 | 0°05 | 25774'3 ,, =| 08 +0°9 
| 3859°39 0°10 | 259035 =, =| 07 0-0* 








* Used in the calculation of constants. 


It will be observed that even a four-constant formula does not represent 
all the observed lines within the limits of error, and that extrapolation to 
the infra-red member of the series (m= 2) is very defective. Further, the 
negative value obtained by putting m= 1 is 2379-7, and this is far from 
being in agreement with the infra-red line of frequency 5843°6 (A = 17108°1), 
which Paschen regards as connected with the Rydberg series, If the 
infra-red line X 8807 and the three following lines are used for calculation, 
the formula becomes 

- 109675 
Ba (m) = 26630'40 —— 0253055 4 1247337 /m — 0790062 [me 
giving O—C, 0°0*, 0:0*, 0-:0*, 0:0*, —1°9, —3°6, —5°0, —6-4, —9-2, —11°2, 
—13°0. The negative value obtained by putting m = 1 is now 108837, in 
place of the closer approximation to 5843°6, which might have been expected 
from the lines employed for calculation. 

It is evident that the formule given above do not well boaeinl the 
Kiydberg series as a whole. The limit of the series, however, is not likely to 
be far from the value given by the first formula, namely, 26618°2. 
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[Note—An interesting result, which follows from the revision of the 
wave-lengths of the lines of the Rydberg series, is the identification of four 
additional strong solar lines with lines of magnesium. The details are as 
follows, including the three lines previously identified by Rowland :— 


Table 1V.—Rydberg Seri ies in Solar Spectrum. — 






























It will be seen that the wave-lengths in the sup are consistently lower 
than the wave-lengths in the arc, but this may perhaps be accounted for by 
9 the unsymmetrical character of the arc lines, which are shaded towards the 
‘g red, and would produce a displacement to the side of longer wave-lengths in 
8 the arc measurements. There can be no doubt that the four important 
= solar lines in question should be assigned to magnesium. The remaining 
Slines of the Rydberg series cannot be traced with certainty in the solar 
© spectrum, on account of their superposition on iron lines. | 


K. and R. F. and R. Rowland. _ | | 
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S|. r | = ao 
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Other Probable Series of Single Lines, 

There are two other magnesium arc lines which appear to be related to 
Sthe Rydberg series, though no connection has hitherto been recognised. 
© Their wave-lengths, as given by Kayser and Runge, are 5711°56 and 
473042, Assuming that the two lines are successive members of a series, 
a simple Rydberg formula gives the limit of the series as 266321, which is 
very nearly that of the Rydberg series. If the limit then be assumed to be 
identical with that of the Rydberg series (26618:2), a Hicks formula 
indicates a third line about 44354. This line has not previously been 
recorded, but it is readily seen in photographs of the ordinary magnesium 
are taken with adequate exposure and dispersion; its wave-length is 
435453+°05. The three lines are all of the same character as those of 
the Rydberg series, but much weaker, and their intensities diminish in 
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passing to the violet in the manner characteristic of series lines. The first 
line is identified by Rowland with the solar line 5711:31; the second ig 
doubtless identical with the solar line 4730-21, though it is not assigned to 
magnesium by Rowland; and the third is probably identical with the solar 
line 435443. Adopting the solar wave-lengths as the best approximation to 
the true wave-lengths of the lines, the Hicks formula is 


109675 
(m + 0479157 —0°032160/m)?’ 


Details as to the lines are given in Table V. 


Ry(m) = 26620°65— 


Table V.—The Second Series of Single Lines. 


























K. and R. F. and R. Rowland. | 
| - gt CAIRNE WRN | eee foweemes Al | 
mh “2s frequency Remarks. 
Wave- iF Limit Wave- Limalt| | Weve: Paver y | (Rowland). 
length length of /Tength in|’; Sun 
"| error. hl error. Sun, ; | 
as ) | joe 5 
2 | ‘| | 8542°6 | Calculated from 
3 | 5711 °56 0 "15 | 5711 °31 | 6 17504 °3 formula, 
4 | 4730°42 | 0°25 | 4730°34 | 0°05 | 4730°21 2 | 21134°9 
5 ol ie | ONd? | 22958°8 
| 





4354 °53 | 0°05 | 4854 °43 


— — ————————— —~ a -. ee nd 


The equation for this series suggests that it is of the Sharp or second 
subordinate type, while the Rydberg series is the associated Diffuse or first 
subordinate series. If this be so, the variable part of the equation when 
m=1 might be expected to approximate to the limit of the related 
Principal series, if such a series exists. The variable part is actually 
52380, and the first line of the Principal series would be expected at 
52380 — 26620 = 25760, ae. at 13882. There is, however, no appropriate 
line near this position. In another paper* it is suggested that the Principal 
series inay be the newly recognised spark series beginning at 4481 
(frequency 22308°5), but this is far from agreeing with the foregoing 
calculation. It is not impossible that the first member of the Principal 
series sought for may be the strong arc line 2852 (frequency 35056), but 
the discordance would then be even greater than for the spark series. <A 
formula capable of more general application in the representation of series 
is greatly to be desired. 

For completeness, it should be recalled that there is a feebly developed 
series of lines which is also associated with the Rydberg series.} The wave- 


* Fowler, lve. cit. 
+ Fowler, ‘ Roy. Soc, Proc.,’ 1903, vol. 71, p. 420. 
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Jengths of these lines are about 4511-4, 4251-0, 41068, 40185, A Hicks 
equation, calculated from the first three lines, gives the limit of the series 
as 26633°2, while if the term Sm~? be introduced by using all four lines 
the caleulated limit is 26613°0. These are as near to the limit of the 
Rydberg series as can be expected from the approximate wave-lengths 
which can alone be obtained. The series may be regarded as a third 
subordinate one, 
Summary. 
—1. Eight additional triplets have been measured in the spectrum of the 
fugnesiwun are in vaewo, six of which belong to the Diffuse and two to the 
Sharp series. For some of the previously known lines improved wavye- 
ieths have also been obtained. 

a. Four additional members of the Rydberg series of single lines have 
afso been photographed. Even a four-constant formula does not accurately 
iBpresent this series, 

6% Four strong solar lines of previously unknown origin have been 
ipntified with lines of the Rydberg series, namely, 4167-44, 4057-67, 598690 
938°55. 

e4. A previously unrecorded line at 435453 may be united in a series with 
‘Be known lines 571131 and 4730°21 having the same limit as the Rydberg 
This series is probably of the Sharp or second subordinate type. 
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DESCRIPTION OF PLATE, 


e photographs show the spectrum of the magnesium are iz vacuo between wave- 
meths 5750 and 2160, and indicate the various series in which the lines have been 
ssified. The letters at the side have the following significance :— 


2 


R,, Rydberg series of single lines. 

R,, Probable second subordinate to Rydberg series, 
D, Diffuse (1st sub.) series of triplets. 

8, Sharp (2nd sub.) series of triplets. 
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x | Series of spark lines. 


In addition to lines of magnesium, the photographs show the magnesium hydride 
bands in the neighbourhood of 560, 521, and 480, and a background of faint lines due 
to the same substance. There are also a few lines due to impurities of calcium, iron, 
and manganese, the most prominent being those of calcium at 3934, 3968, and 4227, 
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BAKERIAN Lecture: Series Lines in Spark Spectra. 


By A. Fow ter, F.R.S., Assistant Professor of Physics, Imperial College, 
‘South Kensington. 


(Lecture delivered April 2,—MS. received April 20, 1914.) 


(Abstract.) 


The classical work of Rydberg, and that of Kayser and Runge, dealt chiefly 
with series lines oceurring in spectra which are produced in the electric are, 
or in vacuum tubes with discharges of moderate intensity. In the present 
communication the lines considered are some of those which are specially 
developed in the condensed spark ; that is, lines which belong to the class of 
“enhanced lines” as defined by Lockyer. 

The investigation was undertaken in connection with the new lines 
(14686, etc.) which were produced in 1912 by passing strong discharges 
through helium tubes, which always contained an impurity of hydrogen.* 
These lines are of great interest in celestial spectroscopy, and, following 
Rydberg, they were at first attributed to hydrogen; they appeared to be 
closely related to the hydrogen series, while showing no relation toa the 
known series of helium. In addition to the lines calculated by Rydberg for 
the “ Principal” series of hydrogen, however, the “4686” series included an 
intermediate series which the recognised formule suggested was a second 
“ Principal” series, having a simple relation to the first. As the lines could 
not be obtained from hydrogen alone, it was soon felt that further enquiry 
should be made as to the value of the numerical evidence on which their 
assignment to hydrogen was chiefly based. A search for other series of 
similar character was therefore instituted in the hope that some generalisation 
with regard to them might be reached. 

The conditions of appearance of the lines in helium tubes suggested spark 
spectra as the most promising source of such series, and a subsequent 
investigation of magnesium showed that the well-known spark line \ 4481 
was the first member of a series of the kind looked for. No satisfactory 
evidence of relation to other series of magnesium was then obtained, and it 
seemed possible that both the “4686” and the “4481” series might be of a 
new type, having no necessarily simple relation to other series in the 
respective spectra. 

The lines of the “4686 ” series, and the associated “ Pickering ” series, have 


* ‘Monthly Notices Roy. Astro, Soc.,’ vol. 73, p. 62 (December, 1912). 
+ ‘Roy. Soc. Proe.,’ A, vol. 89, p. 133 (June, 1913). 


Series Lines in Spark Spectra. 427 














ince become of increased importance, in connection with theories of the 
constitution of the atom, through the theoretical investigations of Dr. Bohr, 
who explains them as being produced during the first stage in the re-formation 
of atoms of helium from which both electrons have been removed by the 
strong discharges employed. Bohr’s formula for this series is identical, in a 
first approximation, with that for hydrogen, except that the Rydberg constant 
WN (= 109,675 for Rowland’s scale) has four times its usual value. The 
, two “ Principal” series previously assigned to hydrogen were thus united in 
© a single series of a new type, while the Pickering series was made to include 
~alditional lines nearly coincident with the Balmer series of hydrogen. It 
= therefore became important to ascertain if such a modified formula could be 
2 adapted to the analogous “4481” series of magnesium, and to other series of 
‘spark lines if they could be found. 
S» Further investigation of magnesium was also suggested by Dr. King’s 
es that the line 4481 is a very close doublet. Two additional 
{ members of this series were resolved, and it at once appeared that the series 


"a was not of the ordinary Principal type. The new measurements also showed 







-4 found in Lyman’s observations of certain “narrow” doublets in the spectra of 
8 ealcium, strontium, and barium in the Schumann region. 
: At this stage a valuable contribution to the investigation was made by the 
= work of E. Lorenser,* who had discussed the Lyman lines, and had shown that 
J they formed series of the Fundamental (or “ Bergmann”) type, associated 
; with the wider doublets which occur in the spectra of these elements. 
d Lorenser does not appear to have recognised that the lines in question belong 
, to the special class of enhanced lines, but his work proved that these lines 
form a new class of series, and that similar groups of series occur both in are 
; and spark spectra. The formula employed by Lorenser was of a modified 
= Rydberg form, but further calculations have shown that the individual series, 
- and the relation between the different series of the same element, are better 
1 represented by the Hicks formula with 4N for numerator. One peculiarity 
of these series is that the first pair of the Diffuse series occurs with a negative 
sign in the formule, whereas it appears in are series as a positive term. 

The wider doublets which occur in the spectrum of magnesium are in 
several respects analogous to the wider doublets of calcium, strontium, and 
barium, but the negative term of the Diffuse series is lacking, and a 
Fundamental series which would fall in line with those of the other three 
elements is also wanting. The use of the Hicks formula shows that the 

* ‘ Dissertation,’ Tiibingen, 1913. 





| 


10 Wlay 


ON 


e 
Of) 


ypublisht: 


OdAACC 


JOwn 





428 Prof, A. Fowler. 


















limit of the “4481” series is related to the first positive term of the Dif 
series, but the fact that the doublets occur both in are and spark, while 448 
requires spark conditions, indicates that the relation is probably indirect. 

The character of the spark series system of magnesium has been 
elucidated by the discovery of a new group of series of narrow doublets, 
which occur under exactly the same experimental conditions as 4481. 
of these pairs were observed by Fowler and Payn in 1903, and for con- 
venience of reference the new group of series has been designated the “ FP” 
system. It is shown that the “4481” series is the Fundamental series of 
this group, its limit being derived from the first negative term of the 
Diffuse series, as in the case of calcium, strontium, and barium. There is 
evidence that corresponding series in the “FP” and wide doublet systems 
run parallel to each other, so that data lacking in one may be obtained 
from observations of the other. Thus it is found that the separation of the 
“FP” doublets is equal to the calculated separation of the second Principal 
pair of the wide doublets, which lies in the Schumann region and has not yet 
been observed. Two well-defined combination series, each consisting of 
seven lines, have also been recognised in the course of the experiments on 
magnesium, one derived from terms, of the Diffuse and “4481” series, and 
the other entirely from the “4481” series. 

From these investigations it follows that two kinds of series have now to 
be recognised: (1) series of the “arc” type, having Rydberg’s N for the 
series constant; and (2) series of the “spark” or “enhanced line” type, 
having a series constant equal to 4N. No numerical relations have yet 
been traced between the two sets of series occurring in the spectrum of the 
same element. 

Returning to the lines produced in helium tubes, it is now clear that the 
line 4686 and the other lines associated with it form a single series of the 
enhanced line (4N) type, and that they can no longer be considered to belong 
to the same group as the Balmer series of hydrogen, which is of the are (N) 
type. The close numerical relations indicated by Rydberg’s calculations are 
therefore not significant, and, in view of the experimental evidence, it must 
be concluded that the “4686” series is not due to hydrogen but to helium, 
as first suggested by Dr. Bohr from theoretical considerations. In accordance 
with the convenient nomenclature of Lockyer, they may be designated 
“ proto-helium” lines. Analogy with the “4481” series of magnesium 
suggests that the “4686” series is primarily of the Fundamental type, 
while the three associated series may be considered to be coincident with it. 

If the Pickering lines are also due to proto-helium, as seems probable, the 
series must include additional lines which are almost superposed on the— 
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er series. Experimental and astronomical evidence on this point is 
incomplete, but there is no evidence against this supposition. The assign- 
ent of the Pickering lines to proto-helium is supported by the observations 
f magnesium, since one of the new combination series is related to the 
4481” series in exactly the same way that the extended Pickering series 
would be related to the “ 4686 ” series. 
The close relations between the lines of hydrogen (real and hypothetical) 
qand some of those of proto-helium is simply accounted for by Bohr’s theory 
f the origin of these spectra. The formule, in which p and m can only 
=take integral values, may be written— 


2. hed 

xo Hydrogen ...... n=N (aa) .  p=2 for Balmer series. 

c 

fe) = c ” . 

=  Proto-helium... »=N '(4-5). p = 3 for £086 3 ahaarigg 

= pm p=4for Pickering series. | 
= If N’ were exactly equal to 4N, some of the lines of proto-helium would 
ez be coincident with those calculated by Rydberg for the Principal series 
S(p = =1'5 in the first formula) and for the Sharp series of hydrogen 
(p= 2, m=m+05 in the first formula). The observed values are 
BN = 109,675, N’ = 438,879'1+1°0 (the latter from »4685-°98+0°01), and 


9 Bohr has shown that their ratio is in very close agreement with his theoretical 
‘Sexpressions for these terms when correction is made for the mass of the 
S electron. The above values of N and N’ give a provisional value for the 
‘amass of the hydrogen atom in terms of that of the electron as 1836+12 ; 
Sor 1855+12 when the data are corrected to the International scale of 
¢ wave-lengths. 
The well-known line at 4686 which occurs in the solar chromosphere, and 
~ in some of the nebule, is undoubtedly the proto-helium line, and there are 
no indications in thése spectra of another line at 4688 which would 
= Ba stenpond with the calculated Principal line of hydrogen, Until other 
= evidence is forthcoming, it may be considered that the line spectrum of 
© hydrogen consists only of the Balmer series and parallel series in the 

infra-red and Schumann regions. 

In regard to more complex spectra, since N and 4N are constant, or nearly 

_ 80, for the two classes of series, Bohr’s theory suggests that are series in 
general are produced by atoms from which only one electron has been 
removed by the exciting source, while spark series are produced when two 

electrons have been removed. It has not yet been shown, however, how 

a single series of hydrogen or of proto-helium comes to be represented by 

a group of series in other spectra. 
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The change in the character of the series in passing from arc to spar 
spectra suggests the possibility of further change in the same directioy 
leading to series which would require nine times the ordinary series constan 
in the formule representing them. A preliminary examination of terrestrial 
and celestial spectra, however, has given no indications of the existence o 
such series. 



















The Emassion of Electricity from various Substances at High 
Temperatures. 


By G. W. C. Kaye, B.A., D.Se., and W. F. Hicerns, B.Se. 


(Communicated by R. T. Glazebrook, F.R.S. Received May 1,—Read May 21, 
1914.) 


(From the National Physical Laboratory.) 


INTRODUCTORY, 


In previous papers* an account was given of experiments in which ionisa- 
tion currents of great magnitude were obtained from carbon at high 
temperatures. It was remarked that the largest currents appeared to be 
associated with the expulsion (at about 2000° C.) of impurities, such as 
silica, alumina and iron, which are always present in commercial carbon. 
Such a result is perhaps not surprising in view of Wehnelt’st work on the 
alkaline earths and their large electronic emissivity when raised to a white 
heat, as for example in a Wehnelt cathode. 

Furthermore, Sir J. J. Thomsont showed some years ago that oxides, when 
raised to a red heat in a crucible, gave out an excess of negative electricity, 
the most copious streams coming from the oxides of calcium and barium§ 
The currents generated were such as were readily indicated by an electroscope. 

The present experiments (which were carried out some months ago) were 
undertaken, in the first instance, to investigate the behaviour of the alkaline 

* Harker and Kaye, ‘ Roy. Soc. Proc.,’ A, vol. 86, p. 379 (1912); A, vol. 88, p, 522, 
(1913). King (‘ Astrophys. Jour.,’ Nov., 1913, p. 330) has since repeated some of the 
experiments at Mount Wilson in connection with his work on “tube-arc” spectra. 

+ Wehnelt, ‘Ann. d. Phys.,’ vol. 14 (4), p. 425 (1904), and ‘Phil. Mag.,’ July (1905). 
See also Jentzsch, ‘ Ann. d. Phys.,’ vol. 28, p. 537 (1909). 

t J. J. Thomson, ‘ Camb. Phil. Soc. Proc.,’ vol. 14, p. 105 (1906). 

§ Prof. Thomson showed further that when various salts were heated, the sign of the 


resulting electrification was the same as that produced by friction of the dry salt when 
cold, 
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A consideration of the following Table will show to what degree 
accuracy these two empirical laws hold :— 





Table IV. t 
Gas. T,/C. 10° n2/A. 
orm eny ) 
| Chlorine............| 1°28 ieee 
Bromine ..........++| 1°25 1°03 
a ) 1°32 1°01 | 





It will be seen that this group of gases in the periodic Table obey la 
similar to those which hold for the inert gases.* 





A New Type of Series in the Band Spectrum Associated with 
Helium. 


By A. Fow er, F.R.S., Assistant Professor of Physics, Imperial College, 
South Kensington. 


(Received January 19, 1915.) 











Introductory. 

A previously unknown band spectrum was noticed in the course of 
experiments on hydrogen and helium made at the Imperial College in 1912, 
and was further investigated and described by W. E. Curtis in the year 
following.t An independent account of this spectrum was also given, almost 
at the same time, by Dr. E. Goldstein.t In each case, some hesitation was 
felt in attributing the new spectrum solely to helium, in consequence of the 
persistence of traces of hydrogen in the helium tubes employed. | 
Mr. Curtis found that the band spectrum was best developed, in the wider 
parts of the tubes, when a discharge with small capacity and a small air-gap 
was passed through helium at a pressure rather higher than that which is 
usual in sealed tubes of the gas. The discharge is then quite brilliant, and 
by giving long exposures, amounting in some cases to seven or eight hours, 


* © Phil. Mag.,’ January, 1911, p. 45. 
» t ‘Roy. Soc. Proc.,’ A, vol. 89, p. 146 (1913). 
.~ : ‘Verh. d. Deutsch. Phys. Gesell.,’ vol. 15, p. 402 (1913). 
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_ Curtis obtained an excellent series of photographs of the spectrum with 
the concave grating of 10 feet radius, some of which were in the second and 
hird orders. Photographs with other instruments were also taken by 
ry. Curtis, but he has been unable to continue the investigation in conse- 
1ence of his temporary enlistment. Under these circumstances it has been 
hought desirable to make a preliminary analysis of the bands, so that 
ittention might be drawn to any points of special interest without undue 
lelay, 
| As previously described and illustrated by Curtis and Goldstein, the 
SI sctrum includes some conspicuous bands with single heads, others with 
Houble heads, and a number of complex regions in which no heads are 
recognisable at sight. A prominent fluting with a single head, beginning at 
‘5733, degrades to the violet, but otherwise all the flutings which have been 
, scognised as such are degraded to the red. 
> The first result of the investigation was the unexpected discovery that the 
{ ; ouble-headed bands are not arranged according to the usual law of band 
vectra, but closely follow the law of line series. The structure of the 
Tsindividual bands, however, is essentially the same as that of bands which are 
‘Balistributed in the more usual way; that is, the distances between successive 
: ines of a series form an approximately arithmetical progression. Mr, Curtis’s 
. aplates show five bands of the main doublet series, and four additional bands 
1 the ultra-violet which plainly belong to it have since been photographed 
Son a small scale. 
2 A fairly conspicuous doublet in the green, AX 5133, 5108, was not included 
“in the main series, and it therefore became important to search for additional 
bands, in order to determine if there were other series which might be related 
sto the first. Only one other doublet, a faint one at 3634, 3625, was at first 
g recognised by inspection, and it remained to be seen if others could be picked 
out in the more complex regions where bands of different types might be 
E superposed, For this purpose, all the individual lines composing the bands 
A between 26500 and 13347 were measured, so that the special character-. 
istics of the different types of bands could be ascertained. About 1300 
lines in all have been measured, but the final determinations of the wave- 
lengths, with the necessary corrections for temperature and other sources 
of error, will occupy a great deal of time, and it is not considered 
desirable to give so long a list until the wave-lengths have been freed 
from systematic errors, The provisional wave-lengths, however, are adequate 
» for a first discussion. 
i As a general statement, it may be remarked that the lines composing the 
_Single-headed bands show a smaller second difference than those belonging 
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to the doublets, but in each case the second difference increases in passi 
from bands in the red to those in the violet part of the spectrum. 
great many of the band lines can be arranged in series, but comparative! 
few additional heads have been traced or suspected. Two doublets whi 
are related to those about 5133 and 3634, however, have been identifie 
and also a few single-headed bands im addition to those tabulated 5 
Curtis. No regularity in the arrangement of the single bands has 
been recognised, and the present paper is accordingly restricted to tk 
consideration of the doublets. 


Structure of the Doublets. 

The structure of the strongest double band, at AA 4648, 4625, is illustratec 
in fig. 1, where the intensities of the component lines are represente¢ 
roughly by the lengths of the lines in the diagram. In this case, the 
more refrangible, and weaker, component of the doublet includes sever 
strong lines, and the less refrangible component at least eight. In e 
case the lines converge to the observed heads. The “tail” of the banc 
consists of a large number of lines, of which the brightest form the obvious 
series which is shown in the diagram ; the ecaleulated convergence point of 


Fie. 1.—The Doublet Band AA 4648, 4625. (The scale is that of wave-numbers, and only 
the chief lines are shown.) 


this series lies considerably on the-violet side of the two observed heads, 
and the lines cease to be visible before the convergence point is reached. 
Series of the latter type are very numerous throughout the spectrum ; 
they appear to accompany all the bands, whether single or double, and 
the second difference is apparently dependent on that in the band with whieh 
it is connected, 

The provisional wave-lengths of the lines mapped in fig. 1 are given i 
Table I, which also shows the corresponding wave-numbers (reduced t¢ 
vacuum), and the first and second differences. It will be seen that the 
second differences are approximately constant. | | 
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TABLE [.—Details of the Doublet 4625, 4648. 




















| : 
LAD Wave-number.| Ist difference. | 2nd difference. Remarks. | 
1 i re ee 
4 4625 *43 21613 *7 3-2 More refrangible 
5 26 °12 10°5 6°7 3°5 head, 
7 27 “54 ) 03 °8 11°3 4°6 | 
7 29 ‘98 | 21692 °6 153 4°O | 
6 33°25 77 ‘2 189 3°6 | 
6 37 *32 | 58 °3 28 5 4°6 | 
5 42°37 . 34°S 
5 4648 *52 21506 *3 40 Less refrangible 
s 49°38 02°38 7-5 3°5 head. | 
10 51°01 21494 °8 10°9 3 *4 ) 
10 53 *37 83 °9 13°7 2°8 
8 56°35 70 °2 17°1 34 
8 60 -06 53 °1 920 “4 3°3 
8 64°48 32 °7 O83 +4, 3°0 
6 69 °58 09 °3 % 
6 4658 "80 21458 *9 36-9 Chief series in 
~ 66 °S1 22-0 “D7 3°8 tail. | 
10 75°70 21381 °3 440 3°3 | 
10 85 “34 37 °3 47 °3 3°3 
10 95°75 21290 *0 50°1 2°8 
9 4706 *82 39 °9 53°] 3°0 
9 18 “61 21186 °8 55 6 2°5 
38 31°04 31 °2 58 °3 2°7 
6 44°13 21072 ‘9 60°] 1°8 
4 57 “69 12°8 62 +4 2°3 
3 71°86 20950 *4 


The Main Series of Doublets. 


The bands belonging to the main series of doublets are readily recognised 
Gon inspection of the photographs. They all occur in regions which are free 
from complication by the superposition of other bands, and the last seven 
gare apparently the only bands which occur in the ultra-violet between 
2a 3450 and A 2950, beyond which the spectrum has not yet been examined. 
= The intensities of the bands decrease gradually in passing along the series. 
QO The wave-lengths (International scale) and wave-numbers (corrected to 
vacuum) of the heads of these bands are given in Table II; the first 
three have been derived from grating plates, but the remainder are only 
approximate values obtained from photographs taken with much smaller 
dispersion.” 

Calculations soon confirmed the suspicion that the series was of the 
character hitherto exclusively regarded as belonging to line spectra. The 





* The instruments which would ordinarily have been used for improving on the wave- 
lengths are detained in Russia, where they were taken for observations of the total solar 
eclipse of 1914, August 21. 
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series may, in fact, be represented in the usual way by the formule 
Rydberg or Hicks. For the less refrangible components of the doub 
which are the stronger, the following formule have been calculated :— 
109679°22 
(m + 0°928427 )? ° 
109679°22 ( 
(m+ 0°931561—0°006100/m) 


n = 34295°86— 
n = 3429513 — 


The adopted value of the Rydberg constant is that given by Curtis for t 
International scale, derived from his measurements of lines of hydroge 
The differences between the observed and calculated wave-numbers ar 
shown under I and II in Table II, and it will be seen that the bands a 
represented with quite an ordinary degree of accuracy. 

The wave-number intervals between the two components of the double 
diminish in passing to the ultra-violet, but the convergence is less rapid th 
would be the case if they corresponded with the components of doublets 1 
the Principal series of a line spectrum. 

Attempts to unite the more refrangible components of the doublets 1 
formule have been less successful. The simple Rydberg formula leave 
large residuals, and even the Hicks formula with four constants is no 
entirely satisfactory. The following formule have been calculated :— 


109679°22 
n= ‘ : . ~ were a 
n = 3433018 ——— a eaaD “a 
| 7 109679°22 | 
n = 34324°720 — ———_—— ney "a 
n 34 725 (m+ 0960333 —0°045747 /m)? 


n = 34310-966— 109670:22 (Vy 


(m + 1°051264—0:47 2053 /m + 0°495248/m?)? ” 

The observed minus calculated values are shown under III, IV, V in 
Table II, from which it will be seen that there are considerable systematic. 
residuals in each case. A Ritz formula, with three constants, has also 
been calculated; it gives residuals slightly larger than those given by 
formula LV, 

In view of the observed rate of contraction of the doublets, the limits. 
given by formule III and IV appear to be too high as compared with the 
limit 34295 for the series of less refrangible heads, which is probably not 
far from correct. From this point of view, the limit given by formula V 
would seem to be nearly correct, relatively to that of the less refrangible 


_ heads. On the other hand, the position of the band in the infra-red corre-— 


* ‘Roy. Soc. Proc.,’ A, vol. 90, p. 605 (1914). 
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Table I II -—The Main Series of Doublets. 











| - gth | O-C (An). 
“LA ™ - Wave-number. m. ———— | 
| I | II | Ul : 
> . I. IV. Vv. 
| 
464852 | 21506°3 a 0-0* 0-0* | | 
462543 | 21613 °7 | 0-70* 0-0 0-08 
é : 
3676°52 | 27192°1 P +3°2 0 -0* | 
3664 °99 27277 *6 +24°1 0-0* | 0 -0* 
3356°43 | 29785 °2 4 +4°9 +2°6 : 
3347 99 | 29860 °3 +80°3 +13°83  0-0O* 
3206'4 ——- 811786 s +8°4 | +2°1 | 
3200°6 | 381235°1 | 4167 | +72 | —5% 
: 
| 
3122-7 =—s« 82014 “4 ‘ $3°h | 42°7 | 
3118‘1 | 32061°7 | +108 | +59 | —2°2 
3071 °1 32552 ‘9 . +19 | +1°6 
3067 “4 (32591 “6 +25 |+06 | -—8°0 
3036'S |  32920°0 ‘ o-0* 0-0* | 
3033°4 | 32956°9 | 0-0* 0-0* 0-0* 
30125 | 38185°6 a +2°4 | +255 | 
3010°2—i(itsté«HBHDO'“V ; | — 8s | —7°1 —44 
29950 | 33379°0 -" +15 | +1°8. | | 
‘0 —122  -—-9°9 —5°0 | 


2993 °O | 33401 | 
| 





* Used 3 in the saben lattes of otrinbentn: 





ad al 


ponding to m=1 given by V (x = 8824) is very discordant with that 
Sidicated for the less refrangible band by I and II (x = 4803, 4711, 
: Bspectively), and a closer agreement in this respect is shown by IIT and IV 
Aye = 5093, 4404, respectively). 
4 The difficulty in finding a satisfactory formula for the more refrangible 
Srnponents is doubtless associated with the unusual character of the doublet 
_Beparations, which resemble neither Principal nor Subordinate series in the 
Base of line spectra. It may be remarked, however, that some of the 
_known line series are not satisfactorily represented by any of the recognised 
_ formulae. 
There is at all events no escape from the conclusion that the doublet 
bands in question are arranged substantially in the same way as the lines in 
an ordinary line series. 


The Second Series of Doublets. 
The first doublet of the second series is quite a conspicuous feature in the 
green of the visible spectrum, and the third can be recognised without 
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however, occur among other band lines, and were only identified « 
measurement of the individual lines; the fourth band is very faint, 
prolonged exposures would evidently be required to bring out addition 
members of this series. The positions of these bands are indicated iy 


Table ITI. 
Table I11.—The Second Series of Doublets. 


a 


| 


| O-—C (An) 
| Wave-length (1.A.). | Wave-number. | mn, | = | 
| VI. VEE; | VIII. 
- | | 
) : 
5183 *34 | 19475 -2 = |" om | | 
5108 -22 19570 ‘°9 0-o* 0 -0* 
: 
4002 °37 24978 *3 . +0°7 | 
3989 *17 25060 ‘9 | +9°4 ' -O-0* 
3634 42+ 27507 “0 io +11 P| 
3624 ‘91 27579 ‘2 | +7°1 +29 
{ 
3462 “45 28873 ‘1 2 0-o* | 
3454 94 28935 °9 = 0-O* 0 -0* 


a a =— - ——eeSS—S—ee | 


* Used in eale saleti ion of constants. 
+ The first line of the head falls on a helium line; its position has been estimated from othe 
lines near the head. 











The less refrangible heads of the four observed bands are satisfactorily 


represented by the following Rydberg formula, as will be seen under VI, 
Table ILI :— | 


‘ 109679°22 
m = 31956:22 ———_—___- —___. VI 
Se (m+ 0°964402) (VE 
The more refrangible heads, as in the case of the main series, are not well 
represented by a Rydberg formula, and it is probable that even the Hicks 
formula would be unsatisfactory if a greater number of bands were available 


to test its applicability. The values of O—C under VII and VIII in Table III 
refer to the following formule : 


> _ 10967922 . 
a 3201449 V 
: (m+ 0968866) ’ eee, 


wi 109679°22 | 
” w'32005°665 — ee eee VIII 
(m + 0°982528 —0:024835/m)P y 
Corresponding to m = 1, formula VI gives 3534 us the wave-number of the 
less refrangible component of a possible infra-red member of the series, and 


formule VII and VIII give 3721 and 3382 dances for the more refran- 
gible head. 
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Comparison of the Two Series, 


_Itis remarkable that, although the two series of doublets follow the law 
f line spectra individually, no relation between them corresponding to any 
which exists between the different members of a system of line series is 
certainly indicated. The series which has been cescribed as the “ main 
series” of doublets, in consideration of its brightness and extent, would 
probably correspond with the Principal series in the case of a line spectrum 
of it had any equivalent. The second series would similarly correspond to 
Sne of the subordinate series, and the fact that the first term of the series 
gm = 1) occurs with a positive sign may be taken to indicate that it would be 
2aquivalent to a Diffuse series. <A third series, which would correspond to 
‘the Sharp series in a line spectrum, has not yet been identified. In accord- 
Gnce with well known principles, however, an approximate formula for the 
@iharp series may be derived from that for the Principal, but neither of two 
sp three additional doublets which have been suspected occupy the positions 
=a calculated. 


= In a system of line series, as expressed by the Rydberg-Schuster law, the 


Zommon limit of the Diffuse and Sharp series differs from that of the 
Principal series by an amount equal to the wave-number of the first 
Principal line. In the present case the difference between the limits of 
‘the two doublet series is about 2340, while the wave-number of the first 
Shem ber of the main series calculated by the formule I and II is between 
3700 and 4600. The difference appears to be too great to be accounted for 
Sv the approximate character of the formule employed, and, if so, the two 
oublet series cannot stand in the relation of Principal and Diffuse series. 
the same conclusion is suggested by the fact that the less refrangible 
Zomponents of the doublets are strongest in both series. 
3 Thus, although there can be no doubt that the heads of the doublet bands 
“are arranged according to the law of line spectra, other relations shown by 


She different series of a line system do not appear to hold. 


, 


bhi 


Summary. 


The band spectrum associated with helium, as previously described by 
Curtis and Goldstein, includes bands with single heads and bands with double 
heads. A preliminary analysis of this spectrum has led to the following 
conclusions :— 

(1) The doublets do not follow the ordinary law of band spectra, but can 
be arranged in two series of the type hitherto exclusively associated with line 
spectra, and can be approximately represented by the usual formule 
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involving the Rydberg constant. Nine bands of the main series and four 
the fainter second series have been identitied. 

(2) The two series may be likened to the Principal and Diffuse series i 
the case of line spectra, but the usual relation between such series is n 
certainly indicated, and no equivalent of the Sharp series has yet been traced, 

(3) The doublet separations are not in accordance with those associated 
with line spectra; they diminish in passing along the series, but do not vanish 






at the limit. 
No regularity in the arrangement of the single bands has been recognised, 


The author is indebted to Mr. F. S. Phillips and to Major-General du Gard 
Gray, C.B., for photographs of the new band spectrum supplementing those 
previously obtained by Mr. Curtis, 





The Influence of Molecular Constitution and Temperature on 
Magnetic Susceptibility. Part ITI1.—On the Molecular Field 
in Diamagnetic Substances. 

By A. E. Oxuey, M.A., M.Se., Coutts Trotter Student, Trinity College, 

Cambridge, Mackinnon Student of the Royal Society. 


(Communicated by Prof. Sir J. J. Thomson, O.M., F.R.S. Received June 24, 1914.) 
(Abstract. ) 


The work is a continuation of that in ‘Phil. Trans.” A, vol. 214, 
pp. 109-146, which contains Parts [ and II. 

The suggestion made at the end of Part II, p. 143, that the local molecular 
field in diamagnetic crystalline substances may be comparable with the ferro- 
magnetic molecular field, has been justified. Estimates of the order of 
magnitude of this field have been obtained from the following sources :-— 

(a) The change of specific susceptilility accompanying erystallisation. The 


extent of this change may be interpreted, on Langevin’s theory of dia- 


magnetism, as produced by a local molecular field of the order of intensity 
10‘ gauss, which comes into operation on crystallisation (§ 4). This intense 
local field distorts the molecules and alters the periods of vibration of the 
contained electrons. From the nature of the structure which has been 
postulated for a diamagnetic molecule, this field is of an alternating character, 
the distance over which it is unidirectional being comparable with the 
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and that when m is even, |¢m|?= 0. The second plate neutralises the 


reflection from the first plate, the fourth plate that from the third, and so 
on. The simplest case under this head is when 6 = $A, 6’'= A. 

A variation of the latter supposition leads to a verification of the general 
formule worth a moment’s notice. We assume, as above, 6’=s‘A, but leave 
S open. Since c*’ = +1, (9)and (10) become 


apt i mmm, 
t=t ge, §=tae rm — (8) 


and these are of the form (39), if we suppose «= 71, b = e§*®, The reflection 
m from m plates is derived from r by merely writing " for 6, that is, 
grimks for ct%*8, leaving |dm| equal to |7|, as should evidently be the case, at 


jeast, when 6’= 0. 





Absorption Bands of Atmospheric Ozone in the Spectra of Sun 
and Stars. 


By A. Fowter, F.R.S., Professor of Astrophysics, and the Hon. R. J. Strurt, 
F.R.S., Professor of Physics, Imperial College, South Kensington. 


(Received June 13, 1917.) 
[PLATE 3.] 


Introductory. 


In a paper communicated to the Royal Society in 1890, Sir William 
Huggins gave an account of his discovery of a new group of lines in the 
photographic spectrum of Sirius, situated near the limit of atmospheric 
transmission.* A photograph taken with a long exposure was described as 
showing no strong lines after the termination of the hydrogen series until 
about 3338 was reached, at which place there appeared the first of a 
group of at least six lines, all of which were nearly as broad as those of 
hydrogen. The third line of the group, about 13278, appeared to be the 
broadest. The sixth line occurred almost at the limit of the photograph, 
where the spectrum was very faint, and it was not possible to determine 
whether this was the last member of the group. The wave-lengths of the 
dines, which were only considered to be roughly approximate, were given as 
9338, 3311, 3278, 3254, 3226, and 3199. 

In 1915, a copy of an excellent photograph of the spectrum of Sirius, 
* * Roy. Soc. Proc.,’ vol. 48, p. 216 (1890). 
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which had been taken with a small quartz prismatic camera at the Royal 
Observatory, Edinburgh, was kindly forwarded to us by Prof. Sampson! In 
this photograph the Huggins group is well shown (Plate 3, fig. 3), and 
it was at once suspected, from the general appearance of the spectrum, that 
a system of bands, and not a group of lines, was in question. From our 
knowledge of the physical conditions in the atmosphere of Sirius, as. 
indicated by other parts of the spectrum, the existence of bands in this star 
seemed highly improbable, and it was an obvious inference that they might. 
be produced by absorption in our terrestrial atmosphere. This view was 
strongly supported by photographs of the solar spectrum which we 
obtained with a small quartz spectrograph near sunset, as compared with 
similar photographs taken when the sun was at a considerable elevation. 
The spectrum of the low sun showed very decided indications of bands 
occupying about the same positions as those in the spectrum of Sirius, but, 
on account of the superposition of solar lines, the wave-lengths of the bands 
could not be very certainly derived. 

The published results of experiments on the absorption of atmospheric 
gases suggested that ozone was the most probable source of the bands under 
consideration. Ladenburg and Lehmann* had, in fact, noted a number of 
bands in the absorption spectrum of ozone, extending from 23220 to. 
3566, and thus covering a part of the region occupied by the bands 
observed in Sirius. The wave-lengths given by Ladenburg and Lehmann,. 
however, were not in sufficient agreement with those given by Huggins, or 
with the provisional wave-lengths communicated to us by Prof. Sampson, to 
establish the identity of the ozone and Sirian bands. As no other probable 
origin occurred to us, it was decided to make a new experimental investiga- 
tion of ozone absorption, and, after some unavoidable delay, the experiments. 
were recently undertaken. The new observations have definitely established 
that ozone is the origin of the Huggins group of bands in the spectrum of 
Sirius, and that the same bands are also present in the solar spectrum, with 
an intensity varying with the sun’s altitude. 

While this investigation was in progress, our attention was drawn by 
Prof. Sampson to a dissertation by Otto Kohl,+ in which the author gives 
results of measurements of a number of photographs of ultra-violet stellar 
spectra which had been taken at Potsdam by Prof. Hartmann in 1904, 
In this paper, the discovery of the bands near the end of the spectrum 
was wrongly attributed to Prof. Hartmann, but the additional fact was 
brought out that they occurred in different stars, irrespective of spectral 


* *Ber. Deutsch. Phys. Gesell.,’ vol. 8, p. 125 (1906). 
+ ‘Ast. Mitt. Kénig. Sternwarte zu Géttingen,’ No. XVI (1913). 
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types. Thus, the bands were noted in a Aurige, « Canis Majoris, « Lyre, 
8 Orionis, and ¢ Tauri, as well as in the solar spectrum. There were 
considerable divergences in the measured positions of the bands, but, in 
view of their diffuseness and their varying breadths in different spectra, it 
could reasonably be concluded that they were common to the different stars. 
The occurrence of the bands in different stars naturally suggested that the 
whole group had the same origin, and that they might possibly be due to 
absorption by the earth’s atmosphere, There was no evidence, however, for 
attributing them either to atmospheric oxygen, nitrogen, water-vapour, or 
carbon dioxide, and there appeared to be no agreement whatever between 
the stellar bands and the bands of ozone, as recorded by Ladenburg and 
Lehmann. The alternative supposition that the bands might be of stellar 
origin likewise received no support from comparisons with metallic spectra, 
and it was concluded that chemical identification would be necessary to 
decide whether they were of sidereal or telluric origin. 

It should be mentioned that the bands also appear very distinctly in 
photographs of the spectra of Capella, Vega, and Regulus, taken at 
Edinburgh on April 12, 1915, and recently forwarded to us by Prof. Sampson. 


Previous Observations of Ozone Absorption. 


The general features of the absorption spectrum of ozone have long been 
known. In the visible spectrum there are several ill-defined bands, which 
were first described by Chappuis* in 1880. These bands were also obtained, 
but less strongly, by Liveing and Dewar+ in 1889; and, more recently, their 
positions have been re-determined by Ladenburg and Lehmann.{ The 
strongest of these bands, according to Chappuis, extends from 6095 to 
» 5935. 

A region of strong absorption in the ultra-violet was discovered by 
Hartley§ in 1880. The central part, where the absorption was most intense, 
was estimated to be at A» 2560, and the band was observed to extend in both 
directions as the amount of absorbing gas was increased. Hartley concluded, 
however, that the band would not extend indefinitely with increase in the 
amount of ozone, and that nearly the maximum effect was produced when 
all rays with a wave-length less than 2930 were absorbed; that is, it was 
thought that further additions of ozone would only slightly increase the 
absorption, 

* ‘Comptes Rendus,’ vol. 91, p. 985, and vol. 94, p. 858. 
+ ‘Roy. Soc. Proc., vol. 46, p. 222 (1889). 


{ Loe, cit., p. 129. 
§ ‘Jour. Chem. Soc.,’ vol. 39, pp. 57 and 111. 
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Quantitative investigations of the broad ultra-violet absorption band have 
been made by Fabry and Buisson,* who used a mercury are as the source of 
light, and determined the coefficient of absorption for 10 different wave- 
lengths between 2352 and 3341. The wave-length of maximum absorption 
was placed at 2550, in close agreement with Hartley, and ozone was stated 
to be as opaque for light of this wave-length as are the metals, mass for 
mass, for visible light. 

The ultra-violet bands which form the chief subject of the present com- 
munication occur near the less refrangible boundary of the great absorption 
band. The only previous observations of bands in this region appear to be 
those of Ladenburg and Lehmann, to which reference has already been made. 
Burning magnesium was used as the source of light, and it was stated that 
with small concentration of ozone there was merely a continuous absorption 
extending to about 7.3160, while with a large amount of the gas a number of 
relatively narrow bands were observed near the limit of absorption towards 
the red. It was further observed that bands appeared at successively longer 
wave-lengths as the concentration of ozone was increased. With the 
greatest concentration obtained by Ladenburg and Lehmann, the complete 
absorption reached as far as A 3388, 

The bands in question probably escaped the notice of Hartley, because the 
electric spark which he employed as the source of light’in his experiments 
was not well adapted to show them. Fabry and Buisson make no reference 
to the bands, and it is probable that they also did not observe them on 
account of the unsuitability of their source of light. 

For the sake of completeness, it should be added that the absorption of 
ozone in the infra-red has been investigated by K. Angstrém,+ who observed 
bands which were also found in the solar spectrum. 


Experimental Procedure. 


For laboratory observations of the absorption bands a source of light is 
required which yields a spectrum as continuous as may be, and extending 
far into the ultra-violet. The absorption bands to be looked for, as will 
appear later, are very faint over a part of their range, and emission lines or 
bands, due to the source of light used, add greatly to the difficulty of 
observing them. After trial of various sources, those selected for use were : 
(1) the incandescent crater of the carbon arc; and (2) the light of burning 
magnesium ribbon, fed by a clockwork lamp. The carbon are does fairly 


* ‘Jour. de Phys.,’ vol. 3, p. 196 (1913). 
+t ‘Arkiv.fér Matematik’ (Stockholm), vol. 1, pp. 347 and 395 (1904). 
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well to about 13000, but beyond this the continuous spectrum thins out, and 
lines due to impurities have a disturbing effect. Burning magnesium is less 
convenient for long exposures, but its continuous spectrum has been photo- 
graphed as far as ) 2200, and it shows no lines or bands between that and 
» 3600, except the strong reversed line at A 2852. 

The ozone used was prepared in the ordinary way by means of a Siemens 
ozoniser. Oxygen from a cylinder was bubbled through sulphuric acid, 
which gave a rough idea of the rate of flow; then it passed through the 
ozoniser to the observation vessel, through which a continuous flow was 
maintained. 

The observation vessels were of various kinds, For great thicknesses, 
glass tubes were used, closed by quartz plates cemented on with sodium 
silicate. The length of these tubes varied from 8 feet to 18 inches. For 
small thicknesses, the ozone stream was delivered by displacement into silica 
flasks or test-tubes placed in front of the slit of the spectroscope. 

No strict control was kept over the quantities of ozone in use, but the rate 
of passage and other conditions in the generator were kept fairly constant, so 
that the length of the vessel afforded a convenient means of varying the 
amount of ozone producing absorption, 

In other experiments, when the long tube was in use, the tube was first 
filled with ozone, the ozoniser was then put out of action while the gas 
stream was left on, so that ozone was slowly displaced by oxygen. During 
this process, a succession of exposures were made, allowing the spectroscopic 
changes to be traced. 

The greatest concentration of the ozone used was probably less than 1 per 
cent. Ladenburg and Lehmann were not able to trace any bands when 
using dilute ozone. They had recourse to the troublesome process of con- 
centrating it by liquefaction. We have not found this to be necessary. 

The instrument chiefly employed for the photography of the spectra was a 
small quartz spectrograph by Hilger, giving a linear dispersion of 58 A. per 
millimetre at 43200. This small dispersion was well adapted for the 
purpose in view, as most of the bands are rather diffuse, and very precise 
determinations of their positions are not to be expected. Some of the photo- 
graphs were taken with copper are comparisons, and the wave-lengths of the 
ozone bands were determined in the usual manner by the Cornu-Hartmann 
interpolation formula, 

Photographs of the bands were also taken with a much more powerful 
instrument, giving a dispersion of 7 A. per millimetre at % 3200, but the 
bands were so diffuse under these conditions that there was no gain in 
accuracy as compared with the smaller spectrograph. ‘The latter has also the 

VOL, XCIIIL—aA. 2 3 
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advantage of giving spectra comparable in purity and dispersion with those 
of the instruments employed for the stellar spectra. 

The bands were lost altogether when it was attempted to Sstediinil them 
in the 3rd order of a 10-feet concave grating. 


The New Observations. 


The bands in the visible spectrum have not been considered in this 
investigation, but as regards the ultra-violet region the new observations are 
in general agreement with those of previous investigators. Additional 
features, however, have been noted. 

The great absorption band in the ultra-violet is illustrated in fig. 1, Plate 3. 
These photographs were taken with a cadmium spark as the source of light, 
and show the broadening of the band which accompanies an increase in the 
amount of absorbing gas. 

In opposition to the statement of Ladenburg and Lehmann, the system of 
narrow bands was found to be represented even with minute amounts of 
ozone. They were, in fact, photographed as far as ) 2700 when the layer of 
dilute ozone was only 1 cm. thick. As the thickness of gas was increased, the 
more refrangible members of the group were obliterated by the increased 
extent of the great band, and new members continued to appear just beyond 
the boundary towards the red. There was, however, a general increase in the 
distinctness of the bands when the region about 3100 to \ 3300 was reached. 
The least refrangible band observed was a very faint one at 13432. It would © 
seem that Ladenburg and Lehmann only measured the spectrum with very 
large concentration, as they recorded no band more refrangible than X 3220, 
and their last band towards the red was about \ 3566. The present investiga- 
tion suggests that the narrow bands continue throughout the whole range of 
the great absorption band, though they become rather inconspicuous even at 
2700. The successtve appearances of the spectrum with increasing 
thicknesses of ozone are illustrated in fig. 2, Plate 3. Referring to these 
spectra, the actual bands seen in (a) do not appear in (0) or (c) because, on 
account of the general absorption, no light in the region of 2800 can get 
through. And again, the actual bands seen in (¢) do not appear in (@) or (6), 
because there is not enough ozone to bring them out. 

As it was not found possible to obtain the desired range of bands in a 
single experiment, photographs taken with different concentrations of ozone 
were used for purposes of measurement, and the results combined. The 
wave-lengths and intensities of all the bands on the red side of A 3080 which 
were sufficiently distinct for measurement are included in Table I. The 
strongest bands are assigned intensity 10, and the faintest intensity 1. 





Atmospheric Ozone in the Spectra of Sun and Stars. 583 


Bands which appear as pairs or groups are indicated as such by connecting 
brackets, and those which are of more than average breadth are indicated by 
the letter “}” following the intensity number. 


Table I—Wave-lengths of Ozone Absorption Bands. 




















> Intensity. | r, Intensity. 
: 1] 

3432 -2 1 | 8232°8 Str 
3421 4 1 | 4 8227-2 10 
3402 “6 1 | 3221 +5 10 
3377 °7 1 3206 “8 2 

|r ‘1 3 \ 220 0 8h 
3365 °2 1 3194 ‘8 6 
3346 ‘0 1 3188 ‘8 1 
8338'S | 4 | 81815 1 

| g331-2 1 | [8177-0 8 
3311 °5 5b 3171 “6 4 

3304°1 8 3162 “6 2b 
32840 2 $156 ‘1 8 

3279'8 Sh 3137 “4 10 

3272°0 3 3114-3 8b 
32555 5 3105 *0 5 
3249°7 8 | 13096 °5 4 

8243 -0 | ld || (8089% 8h 


| 

The wave-lengths of the 12 bands given by Ladenburg and Lehmann, 
without further description, are 3566, 3503, 346, 3435, 3409, 3376, 3343, 333, 
$295, 327,3235,and 322. The first three are out of range of our observations, 
and the remainder are not in good agreement with our measures. The band 
3295 does not appear in our list, and that at 3235 is only represented by a 
very faint band at 3232°8. Moreover, the wave-lengths 327 and 322 represent 
very imperfectly the corresponding groups in our photographs. The strong 
pairs 3311°5, 33041 and 3255°5, 3249°7, which are included in Table I, 
do not appear at all in Ladenburg and Lehmann’s list. 

It should be noted that the photographs taken with high dispersion gave 
no indications of the resolution of the bands into close component lines, A 
similar result was obtained by Chappuis in the case of the bands which 
occur in the visible spectrum. 
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Ozone Bands in the Spectrum of Sirius. 


The Edinburgh photograph of the spectrum of Sirius, of which an enlarged 
copy is reproduced in fig. 3, Plate 3, is on a scale nearly identical with that 
employed in the laboratory experiments, the dispersion being 56°5 A. per milli- 
metre at 43200. In accordance with the description given by Huggins, there 

_ are no strong lines between the end of the hydrogen series and the beginning of 
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the group of bands which occurs near the limit of the spectrum. Only one 
distinct line was, in fact, certainly recognised on the photograph in this 
intermediate region, and by extrapolation from the hydrogen lines this was 
identified with the iron line 3440°8. This was subsequently used as a 
standard, in combination with H,(4340°7) and H,(3798°0), in the deter- 
mination of the wave-lengths of the bands. The resulting wave-lengths are 
included in Table II; where they are compared with the positions assigned by 
Huggins and by Kohl, the latter being taken as the means of the two wave- 
lengths stated to represent the edges of each of the bands. The last column 
of the Table gives the strongest bands of ozone according to our measures. 





Table II.—Ultra-violet Bands of Sirius compared with Ozone. 


See ~ —— ee ee 


Spectrum of Sirius. 











Ozone. 
Huggins. Kohl. Fowler & Strutt. Remarks. 
A. A. Int. A. Int. A. | Int. 
3338 | — — 3337 *2 2 3338 °5 4 | Kohl gives a “line” at 3337°5, 
ane # 3311°9 | 3) | 8811°5| 5B. 
3303°7 | 2 | 83041) 8 | 
3285 °O 1 3284 *O 2 
3278 | 3280°6| 1 /|4 3279°8 5 3279 °8 8b 
(3272 °9 1 3272 °0 3 | 
3254 °8 2 3255 *5 5 : — 
3254 — 3249 “7 5 3949 °7 S| } Kon givesa “line” at 3249-4. 
: 8227 °5 5b | 8227°2/ 10 | 
SAES) | S828'S') 2) aus0D | ee) Saas | 16 
. _f 3201 °7 a 3201 °0 85 | There is sibly a metallic 
e100 | See eee) a) eee |e line in Sirius, about 3198. 
3176-6 | 1 | 3177 “9 5b | 3177°0 85 These are only vaguely sepa- 
|| 3172 2 3171 °6 4 rated in Sirius. 
Estimates of intensity in star 
| 3158-2 | — | 8157 ?45 | 3156-1 8 very uncertain on account 
3138 P46 | 3187°4 | 10d. of faintness of continuous 
spectrum. 


The bands, as a whole, are more diffuse in the photograph of Sirius than in 
the laboratory spectra, and, making due allowance for the difficulties 
attending the measurement of band spectra, the agreement in the measured 
positions of the bands of Sirius with those of ozone may be considered very 
satisfactory. The proof of the identity of the two sets of bands, however, 
does not depend so much upon close coincidences in the measured positions 
of individual bands as upon a general agreement of the wave-lengths and 
intensities as a whole. This agreement is more convincingly demonstrated 
by the direct comparison of the spectrum of Sirius with that of ozone, as in 


fig. 3. A perfect correspondence of the two spectra in the region occupied 
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by the bands is clearly indicated, there being no strong lines in the 


spectrum of Sirius to cause complication. 


Ozone Absorption in the Solar Spectrum. 


The presence of the Huggins group of bands in the spectrum of the low 
sun was indicated by numerous small-scale photographs taken during 1915. 
Measurements of the bands were rendered difficult by the superposition of 
metallic lines, but the general accordance of wave-lengths was sufficient to 
prove their identity with the bands appearing in Sirius. Kohl had previously 
noticed the bands in the sun, as we afterwards learned, but he apparently 
made no investigation of their varying intensity, and his list included three 
bands which were not indicated by him as appearing in the spectrum of 
Sirius. 

Conclusive evidence that the bands are of telluric origin is furnished by 
photographs of the high and low sun, such as are reproduced in fig. 4. 
These have been selected from a series of 17 negatives obtained between noon 
and sunset on 1917, May 23, and show the spectrum corresponding to 
altitudes of the sun 55°, 30°, 10°, 4°, and 1°. It will be observed that as the 
sun’s altitude is reduced there is a general advance of the complete absorption 
towards the red, accompanied by a gradual strengthening of the bands, so that 
the appearance of the spectrum about sunset is very different from that near 
noon. It follows that the bands are produced by absorption in our own 
atmosphere. 

As in the case of Sirius, the identity of the bands with those of ozone is 
more convincingly demonstrated by direct comparison of the solar and 
experimental spectra than by attempts to prove exact agreement of wave- 
lengths. The spectrum of ozone given in the lowest strip of fig. 4 was © 
obtained with a concentration closely corresponding to the maximum 
atmospheric absorption, and it will be seen that ozone accounts completely for. 
the difference between the spectra of the high and low suns in the ultra-violet 
region.* 

The foregoing investigation gives further substantial support to Hartley’s 
suggestion that atmospheric ozone is the effective agency in fixing the limit. 
towards the ultra-violet to which the solar spectrum can be observed. The 
extension of the complete absorption towards the red, and the successive 

appearances of bands of longer wave-lengths, as the sun’s altitude becomes 
lower, correspond precisely with the phenomena observed in the experimental 
spectra as the quantity of absorbing ozone is increased. 


* The apparent lack of exact coincidence about 43195 is due to an adjacent group of 
solar lines near the more refrangible edge of the corrésponding band of ozone. 
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It may be that the recognition of these narrow absorption bands of ozone 
in the ultra-violet spectra of the sun and stars will facilitate investigations 
relating to atmospheric ozone, as the bands occur in a part of the spectrum 
which is easily photographed, and only a small spectrograph is necessary to 





show them. 

The authors desire to record their appreciation of the kindness of 
Prof. Sampson in freely placing at their disposal the Edinburgh photograph 
of the spectrum of Sirius, which was the origin of the present investigation. 
They are also indebted to Mr. J. Brooksbank, B.Sc., for a number of 
photographs of the solar spectrum, and for assistance in preparing the plate 
for reproduction, 

DESCRIPTION OF PLATE, 
Fic, 1.—To illustrate the great absorption band of ozone in the ultra-violet. 
(2) Cadmium spark, without ozone. 
(6) Absorption due to 1°2 em. dilute ozone, 
(c) Absorption due to 3°5 cm, dilute ozone. 
(<2) Absorption due to 7°5 cm. dilute ozone. 

Fie, 2.—To illustrate the advance of the great absorption band towards the red, and 
to show the appearance of the narrow bands at successively longer wave-lengths, as 
the thickness of absorbing ozone is increased. The source of light was burning 
magnesium, and A 2852 appears as a reversed line. 

(a) 1 em. of dilute ozone, showing faint bands from A 2700 to A 2840, 
(6) 45 cm. of dilute ozone, showing stronger bands from A 3000 to A 3200. 
(c) 175 em. of dilute ozone, showing strong bands from A 3150 to A 3432. 
Fre. 3.—The spectrum of Sirius compared with ozone. 
(a) Spectrum of Sirius, photographed at the Royal Observatory, Edinburgh, on 
1915, February 8 ; altitude of star about 15°. 
(6) Absorption bands of ozone in the region A 3150 to A 3432. 
Fie. 4.—Solar spectra, compared with ozone. Enlarged 5°7 times, 
(a) Sun, altitude 55° 
(b) Sun, altitude 30° 
(c) Sun, altitude 10° +1917, May 23. 
(d) Sun, altitude 4° 
(ce) Sun, altitude 1° 
(f/f) Ozone absorption bands. 
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The Ultra-Violet Band of Ammoma, and its Occurrence in the 
Solar Spectrum. 


By A. Fow er, F.R.S., and C. C. L, Grecory, B.A. 


(Received December 15, 1917.) 
( Abstract.) 


A question of great interest in connection with the solar spectrum is that 
of the origin of the thousands of unidentified faint lines which were 
photographed and catalogued by Rowland. Some of these lines may possibly 
be identical with faint lines in metallic spectra which have not yet been 
completely tabulated, but in view of the presence of bands of cyanogen, 
carbon, and hydrocarbon, the possibility of the correspondence of most of 
them with band spectra of other substances should not be overlooked. 

As a contribution to this inquiry, the present investigation was undertaken 
primarily in order to determine whether Group P in the ultra-violet region of 
the solar spectrum. might not be mainly due to the presence of ammonia in 
the absorbing atmosphere of the sun. Ammonia was already known to give a 
remarkable band in this region, having its greatest intensity near ’ 3360, but 
existing records of the component lines were inadequate for comparison with 
the solar tables. Photographs were accordingly taken with instruments of 
various dispersions, ranging up to that of the third order of a 10 feet concave 
grating, a copper arc in an atmosphere of ammonia being employed as the 
source in the latter case. In view of the unusual appearance of the band, an 
attempt has also been made to elucidate the chief features of its structure. 

The chief ammonia band consists of a bright central maximum about 
3360, a secondary maximum about 43371, and a number of lines, which 
are arranged in groups of three, extending to a considerable distance in both 
directions. The lines composing the two maxima are very closely crowded 
together and have been found to be arranged in series of ordinary type. 
The components of the groups of three are widely separated near the central 
maxima, but the intervals rapidly diminish and there is final coalescence at 
3450 towards the red, and at 13287 towards the violet, where the lines 
fade out. The groups of three, however, are not symmetrical with respect to 
the central maxima, and they show marked peculiarities, so that they are 
very imperfectly represented by the formule usually employed for band 
spectra. 

The comparison with the solar spectrum is considerably complicated by 
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the presence of lines of metallic origin, but there is abundant evidence that 
many of the fainter solar lines are due to ammonia. The most convincing 
proof of the presence of ammonia in the sun is perhaps afforded by the 
4 strongest parts of the central maximum, as indicated by the following extract 
from a table which is given in the paper :— 


——EE a“ _ 





———— — — 











| Ammonia. | Sun. : | 
| | Remarks, | 
\ (Rowland scale), | Intensity. | X Rowland. | Intensity. | Origin. | 

en es cate ke na FOR. PRRITESY. mi EXes. | 

a : > oi ; | 1 Continuous background 

o6 62 5 60 “631 0 f. in both spectra. | 

60 *485 1 | *Or | 

60 “45 8 60 444 2 |. Ni } | 

ace : a aa | Continuous background | 

6018 10 60 °181 2 | is Botaiepectes. | 

8360 “08 4 3360 ‘066 0 | 


It will be seen that there is a complete correspondence of the solar and 
laboratory spectra as regards these two clusters, except that the line 3360°44 
in the san may be slightly reinforced by a line which Rowland attributes to 
nickel, though it is not given as such by Exner and Haschek. The agreement 
is emphasised by the occurrence of patches of continuous background (dark 
in the sun) which are identical in the two spectra. The coincidences in the 
case of the central maximum, as a whole, are scarcely less striking, and it is 
clear that the solar Group P is largely due to ammonia. 

There is also a sufficiently consistent representation of the groups of three, 
and of the lines composing the secondary maximum of the ammonia band. 
Of the 260 band-lines of ammonia in the region 3450 to A 3286, there are 
140 which correspond with previously unidentified faint lines of the solar 
spectrum. About 100 of the remaining lines are obscured by lines for which 
metallic origins have been found, or fall wpon lines which are too strong in 
the sun to be assigned solely to ammonia, and the few which fail to appear in 
the sun are all of low intensity. 


‘royalsocietypublishing.org/ on 16 May 2021 
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The Presence in the Solar Spectrum of the Water-vapowr 
Band \ 3064. 


By A. Fow er, F.R.S. 
(Received December 15, 1917.) 


The recent discovery of the ammonia band A 3360 in the solar spectrum* 
suggested that additional solar lines might be identified by a search for other 
bands which are produced under generally similar conditions in laboratory 
experiments. In the first instance, comparison has been made with the 
water-vapour band 3064, which accompanies the ammonia band in the 
ammonia flame and in the are in ammonia. 

This band was discovered by Liveing and Dewart in 1880, and inde- 
pendently, about the same time, by Huggins.| It was found by Liveing and 
Dewar that the band appeared in the flame of hydrogen or of hydrocarbons, 
and less strongly in the flames of non-hydrogenous gases, such as carbonic 
oxide and cyanogen, if burnt in moist air; it occurred also in the uncon- 
densed discharge through moist hydrogen or other gases, but disappeared 
when the gas and apparatus were thoroughly dried, or when a large coil, 
with condenser, was the source of discharge. It was accordingly concluded 
by Liveing and Dewar that the spectrum in question was that of water- 
vapour, but they were careful to explain that in writing of this and other 
spectra which had been traced to compounds, they abstained from speculating 
upon “ the particular molecular condition or stage of combination or decom- 
position which may give rise to such spectra.” Subsequent work has likewise 
indicated that both hydrogen and oxygen are essential to the development 
of the spectrum under consideration, but the precise nature of the combina- 
tion involved cannot yet be deduced from the spectroscopic evidence. 

The band 73064 was afterwards found by Liveing and Dewar to be 
associated with others of lower intensity, extending as far as 4100 towards 
the red, and to ’ 2268 in the ultra-violet. Extensive measures of the lines 
composing these bands were made by the same observers.§ 

The chief band was measured more completely by Meyerheim|| in 1904, 


* Communicated to the Royal Society on December 15, 1917, by A. Fowler and 
C. C. L. Gregory. . 

t ‘Proc. Roy. Soc.,’ vol. 30, pp. 494, 580 (1880). 

} ‘Proc. Roy. Soc.,’ vol. 30, p. 576 (1880), 

§ ‘Phil. Trans.,’ vol. 179, p. 27 (1888). 

| ‘ Zeitschr. f. Wiss. Phot.,’ vol. 2, p. 131. 
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_and by Grebe and Holtz* in 1912. The latter series of wave-lengths have 


been found to be sufficiently accurate for effective comparison with the solar 
tables of Rowland. The wave-lengths are given on the International scale, 


and the lines are classified in three orders of intensity, 3 indicating the 


brightest, and 1 the weakest lines. The head of the band is marked by a 
pair of lines at 3063°547(2) and 3063°713 (3), from which point the 
measured lines extend on the red side to 3291°687(1). Strong lines persist 
to a considerable distance from the head, but in the less refrangible part of 
the band, the lines become generally weak and relatively far apart. 

The result of the comparison is to prove that the band 3064 is quite 
strongly represented in the solar spectrum, and accounts for a large number 
of lines which were previously unidentified, It will suffice for the present 
purpose to give details relating to the brighter lines of the band, as in the 
appended Table. To facilitate comparison with the solar lines, the wave- 
lengths given by Grebe and Holtz have been reduced to Rowland’s scale by 
the addition of the following corrections, derived from the curve given by 


Kaysert :— 





Range of wave-lengths. Correction from I.A. to Rowland. 
3057—3072 +0121 
3072— 3087 122 
3087—3102 123 
3102—3117 : 124 
3117—3132 125 
3132—3147 126 
3147—3162 127 | 
3162—3177 128 
3177—3192 +0°129 


ee rr — 


The corrected wave-lengths are given in the first column of the Table. In 
Grebe and Holtz’ list there are 53 lines which are classed as of intensity 3, 
but three of them are comparatively faint in my own photographs, and have 
therefore been omitted. As the scale of intensities adopted by Grebe and 
Holtz appears to be unduly restricted, my own estimates, on the basis of 6 
for the strongest lines, are given in the second column of the Table. The 
following three columns show the wave-lengths, intensities, and origins of 
solar lines, as tabulated by Rowland. The sixth column indicates the 
difference “sun minus water-vapour,”’ except in the case of near coincidences 


with metallic lines. The last column indicates the distances of the solar 
lines which are nearest to those which correspond to water-vapour. 


* * Ann. d. Physik,’ vol. 39, p. 1243. 
: t+ ‘Handb. d. Spect.,’ vol. 6, p. 890. 
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ates bidere tian (2 Sun (Rowland). 
oe URE a ee nearest — 
; : 
| A (G. and H.). Intensity (F. ae Intensity. 
| 
| 














3063 *834. 5 3063 *836 2 
64 °307 5 64 °323 2 
67 "354 4 67 °369 8 
| 68-039 5 | a "046 - 
74 °A77 3 | 4 °492 
| 78°552 5 | 78°552 3 
/ 80084 5 80 086 4 
+ 8§1°648 5 81 °657 1 
| 883-884 5 83 389 : 
| 85 "804 5 85° 
| oe} 8 | Sal 4 
89 843 6 ; 
| 39-968 6 89 ‘974 2 
91°30] | 5 91-319 1N 
91 °473 5 91477 1 +004 
92 506 | 5 92 °509 1 re +003 
. 92°S818 
92 °898 ° { 92 -957 1 Al 
94°729 5 94 °732 2 +003 
95 452 5 95 *453 3* +001 
96 *242 4 96 °244 2 +002 
96°938 | 5 97 “008 5 —, Mg 
98698 5 98 698 2 —005 
99-524 | 5 | 99523 1 | —001 
3099 “689 3 8099 *680 ON —009 
3101 343 4 | 8101 347 1 +004 
02 *256 5 | 02 °258 1 —003 
05 °775 5 05 “782 he +007 
06 *1338 5 06 °137 2 | + 004 
06-658 | 5 06 664, 2 Zr 
12°187 | 5 - 12188 2 | Fe, Ti? 
13 “476 5 —- 18-490 1 +014 
17 ‘B11 4 | ° 17-308 1 3 —002 
22 661 65 22-680 2 +019 
24.051 5 | 24070 1 +019 
27 *790 3 27 ‘784 2aP* — 006 
28 *389 4 28 +402 1 ee +018 
30 *366 5 30 *380 3 
34°451 5 34 °451 1 000 
36-996 5 37 ws 1 4 +009 
40 "S43 5 40 ‘872 3 o, — 
43 901 5 43 ‘879 4 Ti 
45 633 3 45 °641 0 +008 
47 562 5 47 562 1 000 
51°110 5 51°120 1 +010 
5+ 619 5 54608 1 —, Fe 
58 628 4 58 635° 0 +007 
62-004 4 62-014 0 +010 
66 *445 4 66 *447 0 +002 
69 °718 3 69-727 0 +009 
3188 082 3 3183 *101 3 Fe, Ni? 


* Some other substance probably also involved. 





Of the 50 lines included in the Table, it will be seen that, while 12 are 
obscured in the sun by closely adjacent metallic lines, the remaining lines 
show a very close agreement in wave-length with solar lines, and 





: 
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sufficiently consistent correspondence of intensities. The average deviation 
of the 38 water-vapour lines from the corresponding solar lines, taken 
without regard to sign, is, in fact, only 0°007 A., while the range is from 
+0:019 to —0009. The differences are not too great to be considered as 
arising from errors in the two sets of measurements and uncertainty as to 
the corrections from the international to the Rowland scale. Moreover, the 
deviations are clearly to some extent systematic, as indicated by the 
preponderance of positive signs. From the last column of the Table, it 
results that the average distance of the next nearest solar lines is 0°111 A., 
and there is consequently no reason to suppose that the coincidences are 
accidental. 

The total number of lines in Grebe and Holtz’ list is 257; 63 of them are 
approximately coincident with, and therefore obscured by, lines in the sun 
which are of metallic, or probable metallic, origins, according to Rowland. 
Five. which cannot be traced in the sun, although not masked by metallic 
lines, are too faint to appear in my own photographs or in Meyerheim’s list, 
so that their apparent absence is of no significance. With very few 
exceptions, which require further investigation, all the remaining lines are 
closely coincident with solar lines, but it is possible that several of them are 
slightly too strong in the sun to be attributed solely to water-vapour, 
notwithstanding the close agreement in wave-lengths. At least 150 of the 
solar lines in the region of the 3064 band, however, may confidently be. 
assigned exclusively to water-vapour. It is further probable that many 
additional solar lines will be traced to water-vapour when sufficiently 
accurate measures of the other bands become available for comparison. 

Besides accounting for a large number of previously unidentified solar 
lines, the identification of the water-vapour band in the solar spectrum is of 


interest as furnishing further evidence of the existence of oxygen in the sun. 
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The Series Spectrum of Trebly-Ionised Silicon (Sei IV). 
By A. Fowter, F-.R.S., Professor of Astrophysics, Imperial College, 
South Kensington, 





(Received April 10, 1923.) 


Introductory. 


— The investigation dealt with in the present paper forms part of a more 
‘extended inquiry into the various spectra of silicon which has been in 
ogress during several years. The work was undertaken in the first 
‘stance in the hope of reaching a more complete physical explanation of 
Fhe stellar spectra in which the different classes of silicon lines make their 
‘pearance. Lockyer and his assistants had already shown that certain 
Bes, which successively appeared in laboratory experiments as the energy of 
Gpeitation was increased, were correspondingly represented in the spectra of 
Biers following each other in order of increasing temperature. Four groups 
silicon lines were thus recognised, namely :— 

Group I. ’A3905°8, 4105-2 (Arc lines). 

Group IIL. AA3853°9, 38561, 3862°7, 4128:1, 4131°1, 5042, 

5057 (Spark lines). 
Group IIT. AA 4552°8, 4568:0, 4574-9 
“te LV. AX40891, 4116-4 } (Vacuum pena 


4 
f 
a 


pees 


Bines of Group I occur in the solar spectrum, and in stars of types G and K; 
fhose of Group II are especially marked in stars of types F and A; while 
ose of Groups JIL and 1V occur in successively hotter stars of type B. 
3 ~ it seemed that the significance of the changes in the silicon spectrum 
Bieht probably be better understood if the characteristics of the series 
Beluding the different groups of lines could be ascertained. Bohr’s theory 
already given a completely satisfactory explanation of the change from 
‘Bie ordinary spectrum to the enhanced spectrum in the case of helium, and 
subsequent work by the present writer had shown that a similar explanation 
held for the enhanced (spark) spectra of the alkaline earth elements.* 
These investigations had shown that, in passing from are to spark lines, the 
‘Series constant was changed from Rydberg’s N to 4N, and the theory 
‘indicated the possibility of other types of series in which the series constant 
‘might take the still higher values, 9N, 16N, and so on.t The stellar 
* ©Phil. Trans.,’ A, vol. 214, p. 225 (1914). 
+ See, eg., A. Fowler, “Report on Series in Line Spectra,” ‘Physical Society,’ 
65 and 164. 
VOL. CIIl.—A. 
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observations thus suggested silicon as a promising element in the search f 
these higher types of series. Stellar spectra, however, cannot be obse 
over a wide enough range for the investigation of series relationships, 
more extended laboratory observations were therefore necessary. 

In the first instance, the observations were restricted to the region whi 
could be studied with ordinary grating and quartz spectrographs, extendin 
from about 76600 to 71854, and many additional lines were observed a 
each of the stages corresponding with Lockyer’s groups. Series with 4N f 
the constant were definitely established for the Group II lines, and series 
with the constant 9N were strongly sugvested by the additional observations 
of lines of Group III. Two further pairs of lines belonging to Group IV 
were also produced, but the three pairs were insufficient to permit any 
conclusion as to the value of the series constant in this case. 

An extension of the observations into the Schumann region thus became 
essential for further progress, and such observations were made possible by a 
grant from the Government Grant Committee of the Royal Society for the 
purchase of a Hilger vacuum grating spectrograph. Up to the present 
time the work with this instrument has been restricted to the wave- 
lengths which are transmitted by fluorite, a plate of which covered the 
slit, but lines of critical importance for the purpose in view have beets 
recorded. 

The series systems of the four groups of lines have not yet been com- 
pletely disentangled, but there is already sufficient evidence that the results 
are in general accord with Bohr’s theory, and that the classification of silicon 
lines, which was first deduced by Lockyer from the behaviour of these 
lines in laboratory and stellar spectra, has a true physical basis. In accord- 
ance with the developments of Bohr’s theory, the different groups appear to” 
represent successive stages of ionisation of the silicon atoms, and the four 
groups may thus be designated— 













Group I: Si I, or Si (neutral atoms). 

Group II: Si II, or Sit (singly-charged atoms). 
Group III: Si III, or Sit* (doubly-charged atoms), 
Group IV: Si IV, or Sit** (trebly-charged atoms). 


The lines of Group I form a triplet system, in which, however, the regular 
triplets are not strongly developed. Those of Group II form a typical 
doublet system, those of Group III a second triplet system, and those of 
Group IV a second doublet system. The alternation of doublets and 
triplets is in precise agreement with the displacement law of Kossel and 
Sommerfeld, according to which the enhanced spectrum of an element should 


a 
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be of the same type as that of the are spectrum of the element which 
precedes it in the periodic table. 

Pending a further consideration of the series which characterise the lines 
of Groups I, II and III, the present communication gives an account of the 
chief observational results relating to the series lines of Group IV. 

It should be noted that shortly before the completion of the present paper, 
the detection of series of aluminium lines having 9N for the series constant 
was announced by Paschen.* As giving an additional term of comparison, the 
éansideration of Paschen’s results in connection with the silicon series has 
Mided considerably to the interest of the present investigation. 


Experimental Procedure. 


n 16 May 20 


—The sources employed were the ordinary are and spark between silicon 
@ectrodes and vacuum tubes containing chloride or fiuoride of silicon, chiefly 
tHe latter. Sparks in an atmosphere of hydrogen, with and without self- 
igaluction in the secondary circuit, were also utilised in the case of the 
Sthumann spectrograph. The strongest development of the lines of SilV 
was obtained by passing strong condensed discharges through a quartz 
@pillary tube in which the residual gas was oxygen at a very low pressure. 
© Quartz spectrographs were largely employed in the preliminary observa- 
ons, but most of the wave-lengths finally adopted were deduced from 
Photographs taken in the first-order spectrum of the 10-feet concave grating 
fhe Schumann spectrograph is provided with a 4-inch grating, ruled with 
1,000 lines to the inch, and having a radius of 1 metre. The grating was 
®pecially ruled by Dr. Mackenzie of the Johns Hopkins University, with a 
giew to its use in the region of short wave-lengths. Standards of reference 
i this region were provided by the work of Lyman, Millikan and Simeon, 
‘Bie positions of carbon lines given by the latter being especially valuable on 
‘Becount of the general occurrence of carbon impurities in the sources 
employed. 
© 
A Of the two systems of numeration of series terms which have hitherto been 
chiefly in use, the system introduced by Rydberg has been adopted by Hicksf 
and the present writer,t while that of Ritz has been largely employed by 
Paschen and other German investigators. Following the development of the 
quantum theory of spectra, however, it would appear that neither the Rydberg 
nor the Ritz system is likely to be permanently adopted. 


* ‘Ann. d. Phys.’ 1923. (The author is indebted to Prof. Paschen for an advance 
proof of this paper.) 
+ *The Analysis of Spectra,’ Camb. Univ. Press, 1922. 
} “Report on Series in Line Spectra,” ‘ Phys. Soc. London,’ 1922. 


Numeration of Series Terms. 


"4 


bo 
= 
to 
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In the Ritz system, the smallest term numbers for the sharp, principa 
diffuse, and fundamental (or Bergmann) sequences are respectively 1,* 2, 3,. 
and the work of Sommerfeld+ has suggested that these represent the smalle 
azimuthal quantum numbers—and, therefore, the smallest total quant 1 
numbers—associated with the respective sequences. 

In the new system of numeration introduced by Bohrt the first tota 
quantum number increases from row to row in the periodic table of the 
elements, being, for example, two for lithium, three for sodium, and so on, Wy 
to six for cesium, The spectrum being supposed to be produced by 7 
orbital transitions of one of the outermost electrons, the total quantum 
numbers are the sums of the azimuthal and radial quantum numbers which 















further characterise the orbits. The azimuthal components are the respective 
minimum values assigned by Ritz, and while the azimuthal quantum remaing 
the same for a given sequence of terms, the radial component ranges in value 
from that required to complete the first total quantum number up to infinity 
Thus, since the azimuthal quantum number associated with the sharp sequence 
of terms is 1, the corresponding first s orbit for sodium is more completely 
represented by 3,. Similarly, the first » and d orbits of sodium are indicated 
by 32, 33; and, in general, the symbol m, indicates that the total quantum 
number is 7m and the azimuthal component /:. In the consideration of 
series, however, the azimuthal component of the total quantum number i 
sufficiently indicated by the associated term symbols s, p, d, f. 

It will be observed that while the Rydberg or Ritz numbers are the same 
for corresponding series of all elements, the Bohr system assigns different 
numbers to corresponding series terms, even of elements belonging to the same 
chemical group. Taking sodium as the most useful example for the present 
purpose, the three systems may be compared as follows :— 











) Yor all spectra. 
= EET MRKOGIGAOa - For Na—Bohr. 
Ritz. | Rydberg. 
GPT NOL. + inna tu acdacasnvup hus ibdudhen des PS. as 1, 2, .. 3, 4, ... [8 4, . 
PrP GM? ciscekes tes ahve vesvesbas 2; 18, >.) a ae: 8, 4, ... [Bs de, «+ 
DOO NED ccccksss tenes utress van beatae 8, 4, .. , 7 ae B, +, ... By, Sy, . 
Fundamental (77)... c.0ccccecesscessevass 4, 5, .. | 3,4; | 4, G, ... [g, Bg asd 


* Ritz assigned 1°5s to the first s term, but this has been generally abandoned it 
favour of 1s. , 

+ ‘Atombau und Spektral-linien,’ 2nd edition, p. 278 (1921). 

t ‘The Theory of Spectra and Atomic Constitution,’ p. 97 (Camb, Univ. Press, 
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well-known series formula of Ritz in the form 


N 


we ~ [m+ p+a(A—v)- 


_ is evidently adapted to any system of numeration, since the order number m 
nd the constant uw are not separately determinable, so that any modification 
m fora given term may be compensated by a corresponding adjustment 


tp. 


= The more convenient Hicks formula, 





eer a 
[m+ w+afm]?’ 





egmeraly ianpeuaed series with no less aceuracy than the Ritz for mula, 





Sbe re-written if a different numeration be adopted. Thus, if the first term of 
sequence represented by 1s on the Rydberg system is to be designated 3 s, 


N 
ns = ———___—______. 
[m—p' +2/(m—2)P 
At the present transition stage, it has not seemed necessary to sacrifice the 

implicity of the Hicks formula and the Rydberg order-numbers in the 
Envestiyation of the series of SilV, but the new numeration will be duly 


The Series System of Si IV (Si***). 

& As suggested by the displacement law of Kossel and Sommerfeld, the series 
B of Si IV have been found to consist of doublets and to have a general resem- 
& blance to the series of neutral sodium, Nal. The series corresponding with 
i the best known series of Na I, however, lie in the extreme ultra-violet, in 
consequence of the greater value of the series constant, while those which 
~ occur in the ordinary region of observations in Si IV correspond with 
Secondary series of Na I, which occur in the infra-red and have only been 
partially observed. 

As in the series at previous stages of ionisation, the intensities in the series 
of Si IV appear to degrade very rapidly with increasing order number, so 
that the number of lines available for the calculation of constants is at 
present, somewhat restricted. In the first instance, it was assumed that the 
constant for these series was sixteen times that for hydrogen, namely, 
6 N = 1,754,852. Then, taking the stronger components of the secondary 
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pairs, which have a separation Av = 162, the data and Rydberg formule 
as follows :— 


o, (2) = 2a,;—20 = —24450* 16N 
a1 (8) = 2 See een oreo +1 2076067" 
8; (2) = 27, —26 = “<at 16N 
6:(3) = 27-36 = 31579 i) cat [m+ 0944363 


The two limits are in as close agreement as could be expected from the use 
of the simple Rydberg formula, and the agreement may be taken as a provi- 
sional justification of the use of 16 N for the series constant. The formula 
for the sharp series may be supposed, as is usually the case, to be the more 
exact, and it may therefore be used with some confidence to extrapolate to 
the term 1, and to calculate an approximate formula for the associated 
principal series. Thus— 


16N 


lo = resoragep = 300082, 
Qe, = 146112 = raaeseoeF 
Ona = 1461124162 = uasaT 
ory (in) in. Lersehionigly 30008 EERO 
16N ; 


<= lo —2umy me 860082 ee 
wa(#s) 2 Le-= tees COUNO ae ee 


I’rom these there results for the first principal pair :— 


m™(1) = lo—1m, = 360082 — 288667 = 71415, 
m2(1) = lo—1ae = 360082 —289117 = 70965, 
Av = 450. 


There is actually a strong pair of Si lV lines, classified as such from their 
behaviour under varying experimental conditions, the components of which — 
are as close to these positions as can be expected, and have an appropriate 
separation. They were noted by Millikan, Bowen, and Sawyert in their 
observations of the “ vacuum spark ” spectrum of carbon, and marked “ Si, Ca?”, 
Their silicon origin is confirmed by their behaviour in the present series of 


* It should be noted that two of the pairs have their stronger components on the 
more refrangible side, and must accordingly be written with a negative sign. The use 
of Greek letters is intended to indicate that the lines belong to a doublet system. 

+ ‘Astrophys. Jour.,’ vol. 53, p. 159 (1921). 
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rvations. The wave-lengths are given by Millikan as 1402°9 and 1393°9, 
the corresponding wave-numbers being 71280, 71740, giving Av = 460. 
These may be accepted with confidence as the leading pair of the first 
principal series; the second member would be far outside the region of 
observation covered by the present investigation. 

Lines possibly belonging to fundamental series were next considered. The 
corresponding terms in other spectra are in all cases rather larger than 
N/(m+1)?, and here we should expect 346 >16N/4’, say 111,000, and 

> 16N/5?, say 71,000. The limit will be 26 or 38, which may be 
luated thus :— 


3 28 = 2m,—8, (2) = 146112458050 = 204162, 

2 38 = 2m, —8, (3) = 146112—31579 = 114533, 

fom which 

3S 25—39 = 204162—110000 = 94162, 

2 33—4 = 114533— 71000 = 43533. 

= The first lies beyond the range of the present observations, but a strong 


Be in the carbon spark at 7 1066°0, vy = 93,809, has been marked “Si?” by 
Millikan, and very probably represents the calculated line. Simeon,* who 
pears to have used purer samples of carbon than Millikan, gives only a very 
Bint line at 710663, vy = 93782, which makes the silicon origin more 
Piobable. There is also a strong line of Si IV at \ 2287-08, vy = 43710, which 
@rresponds sufficiently with the second calculated line. 

= The allocation of the lines to the different series and the use of 16N as 
fhe series constant for Si lV is perhaps sufficiently justified by the above 
Spnsiderations, but further evidence is afforded by an independent calculation 
® the series constant from the data for the o7 lines. Thus, we have 


2 
© B B 
2 ye Bh — 71740, 
3 +s" O+pP 
1@) 
fa B B : 
= ——, — ————. = 244530, 
, a Q+sP Q+pP : 
joao a B_ _ _4gogo. 


By assuming approximate values of B, s, and p, and forming three linear 
equations of the type 


= ae Se ol 2B 
fe OBL a Tapp Tap St Tapp OP 


¢ 


* * Roy. Soc. Proc.,’ A, vol. 102, p. 490 (1923). 
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corrections to the assumed values were calculated. In this way it was 
that for the three lines in question 


B = 1,737,965,  s= 1195987, p= 1-453746. 


The value of B thus determined is equivalent to 15°846N, which is nearer 
to 16N than could have been expected, since the data at present available 
are insufficient to permit the use of correcting terms in the Rydberg formule 
employed. In the subsequent calculations, 16N has therefore been adopted 
us the series constant for the doublet system of SilV. 

It remains to calculate the most probable values of the series terms from 
the best available data, namely, 












lm—lo = —71740, 26—3h = 93782, 
2a, —20 = — 24450, 36—4h = 43710, 
297,—30 = 46989, 36—5oh = 65212, 
271—26 = —58050, 45—5h = 23732, 
297,—36 = £31579, 45—6q6. = 36702. 
3771 —30 = —26571 


The ¢ terms appear to be the most suitable for computation, on account of 
their greater number, and by various combinations of the above we find the 
following values for their consecutive differences :— 
dp—4h = 39557, 
46—5h = 21502, 
5b—6h = 12970. 
A solution by the method of least squares gives the formula 
mo = eae Bh 06 0 Me 
[m + 0°988903 + 0:019900 /m |? 
from which we find 36 = 109923-4; 4¢ = 703663; 5g = 4886177; 
bd = 35893°1. These in turn lead to values for the 6 terms, and thence, 
in succession, to the a, and o@ terms. For example, 


26 = 109923 + 93782 = 203705. 


From the 27, 37, terms, and the 2c, 3o terms, the following formulz have 


been derived :— 
16N 


CO. = Tm + 1492563 — 0043080) mp" 
16N 

[m + 1°228166—0032538/m > 

Extrapolations give 1a, = 292477, and lo = 364018. The difference is 

71541, which is as close to the observed line 71740 as can be expected. 

As there is no reason to suppose one of the terms to be more correct 


ng = 
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the other, one has been increased, and the other diminished by an 
al amount, so as to make the difference equal to the wave-number of 
line to which it corresponds. Thus the adopted values are lo = 364117 ; 
7, = 292377. The satisfactory values of the extrapolated terms indicate 
“that the formule will give values for additional terms which cannot be greatly 
_in error. 

For the calculation of additional terms of the diffuse series, the following 
“formula has been derived from the 38 and 48 terms :— 


Q oa | i 
R ~ [m + 0°900071 + 0066204 Jim? 


@xtrapolation gives 25 = 203969, which is in as close agreement as is to be 
f pected with the value 203705 derived above. Smaller terms calculated 
‘om the formula will, therefore, be not far from correct. 
S © Finally, the first three 72 terms have been derived by adding the observed 
“Bparations of the corresponding pairs to the respective a, terms. The 27rg 
pad 37rg Values then give the following formula for the calculation of 
“Siditional 7, terms :-— 


— 


aad 
[m + 1490667 —0:043 146 /m]” 


hia 


So far, only the four most generally recognised types of series have been 
‘onsidered, namely, the sharp, principal, diffuse, and fundamental. The 
- Becurrenve of series with a constant which is a multiple of that for 
; Aydrogen, however, has made it possible to observe additional types which 
'#rere not identified in the earlier work on series, in consequence of their 
urrence in the extreme infra-red. An example of such a new type 
BI series was provided by the author’s observations of Mg II. These 
Snoluded a series which was designated 3¢—mq, but it was pointed out 
Ghat this combination did not agree with the observed values within the 
;. Simits of experimental errors.* Bohr, however, has shownt+ that the dis- 
Bgreement disappears on the introduction of a fifth series of stationary 
A states, which must be supposed to exist according to the general theory. 
The series in question thus becomes 3¢—md’, where the new set of terms 
mo’ differ only slightly from the terms m¢. The series 3p—md’ has been 
_ identified by Paschen in Al III, and it is also represented in SiIV. A sixth 
type of series, 4¢’—mq’’, which has been similarly recognised by Paschen 
in Al III, and thence in Na I, is also represented in Si IV. In Si IV, 
however, like other series, these higher series are only represented by 


ocietypublisk 







* * Phil. Trans.,’ A, vol. 214, p. 253 (1914). 
t *The Quantum Theory of Line Spectra,’ Part III, Copenhagen, 1922. 
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their earliest members. The fifth and sixth types of series have 
called by Paschen the Super-Bergmann (Uber-Bergmann), and Super-Su 
Bergmann (Uber-Uber-Bergmann) series. 

The terms which have been evaluated in these various ways are summarised 
in Table I, those depending solely upon formule being enclosed in brackets. 
The Rydberg numeration of the terms is indicated on the Jeft, and the new 
Bohr numeration on the right. While preference should probably be given 
to the latter, it seems desirable, for the present, to indicate also the Rydberg 
numeration, in order to facilitate comparison with existing Tables of series; 
in what follows, the Rydberg numbers will be enclosed in brackets for 
distinction. 













Table 1.—The Series Terms of Si LV. 




















R dber | , “" Bobr 
ete | | ni. | bab ’ ?- ?: di numbers, 
(1) 864117 | 292877 | 292837 \ 3 
(2) { 203705 
170105 | 145655 | 145817 } 4 
(3) { ) 114076 | 109923 
; 98666 | 87505 87580 } 5 
(4) { 72594 70366 70213 
[64401], [58397]| [58438] } 6 
(5) { [40186]) 48862 48788 48733 
[45319]) [41741]| [41766] } ” 
(6) { ) [36741] 35893 | 85835 | [35800] 
[33638]) [31319]| [31335] } 8 


| [28050]| [27476] 


_—_—_-—----— 


The largest term, it will be observed, is the (1)¢ or 3o (Bohr) term, 
which may be utilised in the usual way to determine the energy required to 
remove the fourth of the outermost electrons from the silicon atom when 
three of them have already been expelled. The ionisation potential thus 
deduced is 44°95 volts. 

The lines included in the present discussion are collected in Table L, 
which is arranged in accordance with the plan adopted in the author's 
Report on Series, to which reference has already been made. 

In Mg II and AIIII the & terms have two values, differing slightly, so that 
lines involving the earlier terms are very close doublets, consisting of a chief 
line and satellite. In SilV the first diffuse pair is in the far ultra-violet, so 
that such duplication cannot be directly observed ; the related line of the 
fundamental series (A 1066) is also in the far ultra-violet. No indication of 
a satellite has been noted in the measurements of the first member of the 
second diffuse series (A 3165), but the line \ 2287, which is 4(3)8—5 (4)¢, 
shows signs of resolution on some of the photographs. The term 5(4)¢ 


— 
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Table II.—Series of Si IV. : 
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Baars’ | 


aes Ae ® 
— 4088 “863 (10)| —24449 ‘80 ,n,. 
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12) 19,8) | a7is0.6a| 16°87 | 6 (8) | 98666 

















| 
i 
z 
6. 
= 
q : 
2 
e 
: 
> 
: 
i 
z 
| 
5 
3 


+ = | 1398-26) 81416 162 6 (4) | 64401 
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Table I1—(contd.). 








2nd Fundamental. 4 (3) 5—m@, | Series 5 (4) p—m@’. 
4 (3) 8=114076. | 5 (4) ¢ = 70366, 
—| Se ae 


) 
A, Int. | v. | Ap. 


A, Int. v | av. | om | mp | | mw. 
| 
aes | hi & or | ; | | | : 
| BR | | |B RI 
+2267 -08(10) | 43710-37, — | & (4)| 70866 | 4681-38 (3») | 2158580,  — | 6 (5) | 
+1533 -47 65212 _ | 6 (5) | 48862 |) 2895-13 (1) | 94500-67 | — |7@ 
| | : 
7 (6) | 35893 


[1279 05] [78183] ~ 


Series 5 (4) p’—mq@”. 
5 (4) p’ =70218. 





srd Fundamental, 5 (4) 3—m®. 
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(4) 6=72594. | 
: ! ; ; 
a | | A, Int. | Y. | Ay. | m. 
A, Int. | V. | Ar. | m. mop. | } 
| | 
—— | BR 
B R 4654 °14 (4n) | 21480°25 0 — 6 (5) | 
4212 44 1 23732 °43 -— 6 (65 48862 | 
2723 °82(1) | 86702 °30 — 7 (6 35892 
| —— -- -——__—. i Combinations, 
Series 4 (3) ¢— mq’. | 
4 (3) p= 109923. . | 
. A, Int. | ¥. | y, calcula 
\, Int. | v. | Av. | m. | mo’. 4a ee 
3762 “41 (4 26571°18 4 eS 5—5 ; 
| 877313 (3 26495 69 | 4(8)8-5(3 
B R 
$2517 52 (5) 39709 67) 1°26 5 (4 70213 1796 °1(1 55676 4 5—6 a 
[611438 ~- 6 (5 48780 1797 “5 (0 55633 4 (3) 5—6 (4) m 


* Probably a very close pair. 
+ Coincident with a line of Si IT. 
t This is a close pair; AA 2517 °56, 251748; wy 39709 04, 89710 °30, 


therefore appears to have two values. The line 4(3)@—5 (4) ¢’ (X 2517), 
which has been definitely resolved into two components, with a separation 
Av = 1°3, similarly suggests two close values for the term4(3)q@ It has not 
been thought desirable to complicate the Table with these details. 

Numerous faint lines, which have appeared under conditions favourable 
to the development of lines of Si IV, have not yet been classified. It is 
possible that some of them may form part of a fifth spectrum of silicon, 
having a general resemblance to the spectrum of neon. 


Comparison of Si IV, Al 1II, Mg I, and Na J. 


The foregoing data provide conclusive evidence that the lines under con- 
sideration form part of a system of series having 16N for the series constant. 
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accordance with Bohr’s theory, the sixteenfold value is to be interpreted as 
meaning that the atoms which give these lines have lost three electrons, 
e atomic number of silicon is fourteen; the two innermost electrons are in 
‘L-quantum orbits, eight are in 2-quanta orbits, and four are in 3-quanta 
orbits. When three of the outermost electrons have been removed, the 
remaining eleven are arranged as in the neutral atom of sodium (Na 1), 
the singly-ionised atom of magnesium (Mg II), and the doubly-ionised 
Bio of aluminium (AIL III). Including Paschen’s recent work on Al ITI, 
fand the writer’s previous investigation of Mg IT, it is thus possible to 
Gympare the spectra of four different atoms, in which the number and 
tribution of the external electrons are identical, while the nuclei differ 
f&% charge and mass. As the only known effect of varying mass of the 
Wacleus is to produce small changes in the series constant, it would seem 
‘fiat the differences in the four spectra are to be attributed mainly to 
‘Differences in the nuclear charges, or to differences in the net charges of 
e atoms as a whole with respect to the electron which produces the 
ectrum by its transitions. 

— The Doublet Separations.—One obvious effect of increased nuclear charge is 
produce a wider separation of the doublets, as will be seen from the 


typublishing:o 


lowing data :— 








Oo 

8 -_ — _ 

g = ae 

i Na L. Mg Il. ALIIT. | Si lV 

> | | 

= | 

“Atomic weight ..............004 ae 3 23-0 24°32 iT) ) Lees 
uclear charge............-+. einnsibt bapa 11 12 13 | 14 
eae er eeprete | | 2 3 | A 

Doublet separation ...........6-.s sees eee 17°18 91°55 238 | 460 

aL Seer Sf ie Saw tl 

© 


= 
Se . — ~ ~~ 
~ For the elements in the same vertical column of the periodic Table, as was 


und by Rydberg and by Kayser and Runge, there is a general increase in the 
doublet or triplet separations in approximate proportion to the squares of the 
Atomic weights, but this relation is far from being exact. Other attempts 
Aiave been made to correlate the separations with the atomic weights, or 
atomic numbers, but no exact relation has been discovered. Much greater 
regularity is shown, however, by the values of Av for the four atoms under 
consideration. If the Av be plotted against the respective nuclear charges, 
the points are found to lie on a smooth curve, and, similarly, if the 
logarithms of the two quantities are plotted. There is, however, no such 
regularity when the separations are plotted against the atomic weights. 
The regularity is perhaps best shown by comparing the separations with the 
squares of the net charges of the four atoms with respect to the disturbed 
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electron. The points then lie nearly on a straight line, but there is a defin 
curvature, so that the data may be represented by a formula of the type “a 
Av = 75+36°9 (n—0°492), 

where Av is the separation, and » the corresponding net charge, with valk 
ranging from 1 to+. The residuals, observed minus calculated values, 
+0:06, +0°08, —1°6 and —1°‘7, but it should be noted that the last ty, 
values of Av are subject to possible errors of a few units in consequence o 
the fact that errors of wave-length are multiplied by large factors in correctin 
to wave-numbers. 
Corresponding Lines.—As already pointed out, one of the chief effects of an 
increase in the value of the series constant is to displace the spectrum as a 
whole towards the region of shorter wave-lengths. Thus the main series of 
SifV which correspond with the familiar series of Nal are in the extreme 
ultra-violet, and only the earlier members of the secondary series lie within 
the ordinary region of observation with gratings and quartz spectrographs. 
This is indicated by the data already given, but it will be of interest to 
compare the positions of the leading lines in the four spectra, as in Table IIT. 


Table I11.—Comparison of Chief Lines. 

















| Na I. Mg II. | Al III. Si IV. 
Principal { aa a 5889 “9 2795 -5 1854 °7 1393 9 
8(1)6—S(1) m Ve race, 16973 35761 53918 71740 
Diffuse fr ee 8194-8 2797 -9 1611 °9 (1127-7) 
$(1)9,—8(2)8 Ly ......., 12199 35729 62037 [$8672] 
Sharp fs feo 11404 2936 °5 1884-2 [817 °8] 
S(t) m—4(S)'e VP cccdacee 8766 34044 72244 (122272) 
Fundamental { at =. 18459 4481 °3 1935 ‘8 1066 °3 
$(2)8—4(8)@ lv ......... 5416 22309 51657 93782 
5 he ee 40449 [10089 4479 “9 2517 °5 
4 (3) o—5 (4) » ae Toga 6 9000] 22315 39710 
PAS” Shek 7443. — [8276 *1] 4654" 
5 (4) ¢’— 6 (5) » { + Te 1343 °2 be [12079] 21480 





ee 





The figures in brackets are calculated positions, the actual lines not having 
been observed. . 

The displacement of corresponding lines towards the region of shorter 
wave-lengths in passing from Nal to SilV is very clearly indicated by the 
figures quoted. The displacement, moreover, appears to be very regular 
throughout, for if corresponding lines are plotted against atomic numbers, oF 
numbers increasing by unity, the points lie on smooth curves. 
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Table [V.—Comparison of Series Terms. 








Comparison of Series Terms.—It is of further interest to compare the series 
s of the four atoms of similar electron structure which are under con- 
sideration, as in Table IV. 


427 


Bohr numbers ......... | 5. | 6. 7. 

Rydberg numbers (1) (2) (3). | (4). (5). 

: Se oe ee one 

= Na I...| 41449°0 15709 °5 8248 °3 5077 °3 37 

oO mo Mg IL...| 303169 12865 °5 7120 °3 4517 °3 3120 

" (k=1) Al IIL...| 254933 11475 °2 6533 °7 [4216] 

a si IV...) 22757°3 | 10631°6 6166 6 4025 | 

: : 

2 Na 1...) 24475-7 11176°1 6406 °3 4151°3 

wm, Mg IL...| 213766 10154 °0 5949 6 3909 *2 

= (k=2) ) AI IIL...) 19502-4 9525 °3 5663 °3 [3756] 

BO Si IV...| 182736 9103°4 | [5469] [3650 | 

or) ) 

& Rydberg numbers ... (2). (3). | (4). | (5). 

> 

2 Na I...| 12276°2 69004 | 44125 3061 -9 2248 6 
= ms Mg IL...) 12414°2 6988'S 4461 °6 3091 *6 2267 *4 
3 8 | 

12 (k=3) )AIIIL...| 12609-4 7072°7 =| 460771 3118 “4 2284 °3 
Za Si IV...)  12781°6 7129 °8 4537 “1 [3187] [2296] 
—E 

= Na I... — 6860 “4 4390 *4 [3042] 

5 mo Mg IL... — 6866 ‘9 4394°3 | 8051°2 2241 -4 
‘ (k=4) 7) Al IIL... ~ 6869 °7 43966 | 3052-2 2242 “1 
5 Br OF. — 6870 ‘2 4397 °9 3053-9 2243 °3 


: 
re ee 





—_—_—_—_— - ——_ —_——_—- ee 
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As in Paschen’s comparison of Nal, MgII and AILIII, the actual terms 
fhave been divided by 1?, 2”, 3? and 4? respectively. For Al III Paschen used 
Fihe constant 9x 109735, and in order to make the terms more directly 
comparable with those of the other elements, the AlIII terms have been 
re-determined with the hydrogen constant. The AIIII terms given in 
pr uble [V are 1°62 lower than the values given by Paschen, but the correction 
Sis of little importance except as regards the ¢ terms. 
s It will be observed that while the o and 7 terms diminish regularly in 
=passing from Nal to SilV, the and ¢ terms become greater. When the 
corresponding first sharp, principal, or diffuse terms are plotted against the 
atomic numbers, or ordinates increasing by unity, the points lie on smooth 
‘curves, so that the regularity is much greater than appears in a similar 
comparison of terms of elements of the same chemical group, such as the 
alkali metals. No simple expressions representing the changes in the term 
values in the four spectra, however, have yet been found. 
Quantum Defect—I\t may be of further interest to compare some of the 
series terms of the four spectra in a different manner. If a series term be 
expressed in the form B/(m—gq)*, where m is the corresponding total quantum 
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number according to Bohr’s system, and B the appropriate series constan 
q represents what has been called the “ quantum defect.”* This varies fro 
term to term in the same series, and from series to series, according to th 
effective shielding of the nucleus by the surrounding electrons with respect t 
the different orbits occupied by the electron which produces the spectrum }y 
its transitions. Some of the values of y are given in Table V. 














Table V.—(uantum Defect. 


Na I. Mg II. oe he AL LIT. | Silv. 

aes eee ees = (gine gee 

36 1 ‘373320 1 ‘O9T7992 0925815 0 ‘804671 
4¢ 1 °357718 1 080247 0 908424 0 °788103 
5¢ 1 “353479 1075257 =| «=O “902851 | 0 ‘782681 
3 0 ‘883150 o-7essso0 4=s|-«Ss o-eaonse §=s|~S-b80090 
4m, 0 °867331 0 -713442 | 0 °608280 | 0528977 
5 0 ‘862334 0 “706451 : 0°600954 =| 0521769 
38 0 ‘010980 0 031282 0 050735 0 064957 
45 0 013196 0 038514 | 0062067 = |= (0-077»60 
58 0014375 0041890 | 0 -066991 | 0088343 
4 0 001596 0 003485 | 0004315 | 0004456 
5o 0 001845 0 004079 | 0 -005050 | 0 006112 


In computing the values for Al III, the terms given by Paschen have been 
diminished by 14°6, in order to reduce them to the hydrogen constant which 
has been adopted for the other three spectra. As in the previous comparisons 
corresponding figures for the four spectra exhibit remarkable regularity, and 
will doubtless be of value in theoretical discussions, 


Summary. 


Numerous new lines of silicon have been observed and have been classified 
in four groups, in extension of the groupings made by Lockyer in connection 
with stellar spectra. The four groups represent successive stages of ionisation, 
and have been designated SiI, Sill, SiII{ and SilV. The spectra consist 
alternately of triplets and doublets, and the series constant has successive 
values N, 4N, 9N and 16N. 

The present paper deals with the series of SilV, for which the new data 
have fully established 16N as the series constant. The spectrum is similar to 
that of neutral sodium, NaI, but the main series which correspond with the 
familiar series of NaI are in the extreme ultra-violet, while the seconda’ 
series which partially fall within the ordinary range of observation correspond 
with series which occur in the infra-red in Na I. 

* KE. Fues, ‘ Zeit. f. Phys.,’ vol. 11, p. 365 (1922), 
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Including Paschen’s recent work on Al TTI, and the author’s previous work 
Mg II, which also have spectra similar to that of Nal, data are thus 
ilable for the comparison of the spectra given by four similarly constituted 
atoms, which differ mainly in the charge of the nucleus. ~The doublet 
separations and the series terms show greater regularity than those for 
elements of the same chemical group. 

- The highest term of the SiIV system is 364117, corresponding to an 
jonisation potential of 44°95 volts. 


SThe author desires to acknowledge his indebtedness to Messrs. J. 8. Clark, 
dA. Hey, H. Barrell and L. J. Freeman, who have at various times rendered 
Paluable assistance in the laborious experimental work which forms the basis 
& the foregoing paper. 
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Introduction. | 
£ The primary object of these experiments was to obtain a series of accurate 
@eterminations of the V.P. of aqueous NaCl solutions at 18° C., which might 
used as a scale of reference for the determination of the V.P. of other salt 
@ lutions at the same temperature by the isopiestic method. 
= The ionisation laws of salt solutions sufficiently dilute are broadly known, 
But for more concentrated solutions the derivation of ionisation from con- 
‘ductivity data is complicated by changes in the composition of the water 
“atself and in the amounts of water combined with and travelling with the 
@ons. An attempt to resolve some of these difficulties was made in a former 
Ahaper* by the use of V.P. data derived by extrapolation from Tamman’s 
observations at temperatures from 40° C. to 100°C. Most of the reliable 
conductivity determinations are for a temperature of 18° C., and the process 
of extrapolation from the V.P. data at higher temperatures to 18° C. necessarily 
introduced inaccuracies. To carry the matter further more accurate deter- 
F minations at 18° were necessary. By the method of isopiestic solutionst 
when an accurate scale of reference for one salt is obtained, it is easy to 


* Bousfield, ‘ Trans. Farad, Soc.,’ vol. 15, p. 47 (1919). 
+ Bousfield, ‘ Trans. Farad. Soc.,’ vol. 13, p. 401 (1918). 
VOL. CII.—A. 2F 
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The Series Spectrum of Ionised Carbon (C II). 


By A. Fowrer, F.R.S., Yarrow Research Professor of the Royal Society, 
Imperial College, South Kensington. 


(Received February 15, 1924.) 





Introductory. 












= For the development of the theory of atomic structure there would appear 
E ) be a special need for data relating to the series spectra of the lighter elements. 
=It has, therefore, been thought desirable to publish the present account of the 
peries of singly-ionised carbon without waiting for the completion of the 
investigation of the spectrum at other stages of ionisation. 

= It is an essential feature of Bohr’s quantum theory of spectra that while the 
Reries constant for neutral atoms is nearly the same as that for hydrogen, the 
Evalue of this constant will be increased four times when the atom is singly 
Bionised, nine times when it is doubly ionised, 16 times when it is trebly ionised, 
Sand so on. Evidence that a system of series represents a particular stage of 
ionisation is thus to be sought in the value of the series constant for the system 
in question. Experimental confirmation has been obtained as far as the second 
Sionisation by Paschen in the case of aluminium,* and as far as the third ionisation 








by the present writer in the case of silicon.+ 

The system of series dealt with in the present paper is characterised by a 
‘fourfold value of the hydrogen constant, and is accordingly attributed to singly- 
ionised carbon. The series may thus be designated C+ or C II, those of the 
neutral atom being indicated by C or C I. 

It may be remarked that the series of C I have not yet been identified. The 
= only line which occurs in the are spectrum in the ordinary region of observation 
is the well known line 4 2478, and observations in the extreme ultra-violet 
Ohave hitherto only been made under conditions which generate the spectra of 
ionised atoms in addition to those of neutral atoms. The elimination of lines 
due to ionised atoms may perhaps simplify the identification of those belonging 
to the neutral atoms. 


ps:/ 


ownloaded from htt 


Experimental Procedure. 
Extensive observations of the spectrum of carbon have been made over a wide 
range of wave lengths and under a variety of experimental conditions. The 


* * Ann. d. Phys.,” vol. 71, p. 142 (1923). 
+ * Roy. Soc. Proc.,’ A, vol. 103, p. 413 (1923). 
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sources included the spark between graphite poles in air, the spark in hydrogen, 
the arc in vacuo, and carbon compounds—chiefly carbon-dioxide and hydro- 
carbons—in vacuum tubes. In connection with the vacuum tube observations 
the spectrum of oxygen under similar varied conditions was also investigated, 
so that the carbon lines could be distinguished in the mixed spectra of carbon 
and oxygen. The vacuum-tube spectra yielded lines of fine definition, which 
could be accurately measured in most cases. In the spark spectrum, the 
carbon lines are mostly diffuse, especially in the ultra-violet. 

Several of the lines in the ordinary region of observation which enter into 
the present discussion have been previously recorded, but few of them had been 
measured with sufficient accuracy for the present purpose. Among the newly- 
observed lines are a pair in the extreme red and three pairs in the ultra-violet. 

Several spectrographs were utilised in the investigation, including a 10-foot 
concave grating, two large glass spectrographs, a quartz-Littrow spectrograph 
(Hilger’s E 1), and a quartz spectrograph of ordinary construction (Hilger’s E 2). 

The standard lines adopted were those of iron, except in the region A 2200 
to A 2100, for which Eder’s wave-lengths of the copper spark lines* were used. 

Several photographs have also been taken with a vacuum grating spectro- 
graph. The carbon lines in the extreme ultra-violet, however, have already 
been measured by Simeon,} Millikan,{ Hutchinson,§ and others. The wave- 
lengths and intensities given by these observers for lines which are believed to 
originate in C II are indicated in Table I. 

The source employed by Simeon was the carbon arc in vacuo, while Millikan 
observed the spectrum of the “‘ vacuum spark,’’ and both sources were used by 
Hutchinson. There is a fairly close agreement between Simeon and Millikan, 
except for the last line, but the method of coincidences followed by Simeon is. 
probably the most trustworthy, and Simeon’s wave-lengths have accordingly 
been adopted. LKvidence of their general accuracy is afforded by the close 
agreement of these wave-lengths with those calculated from the well-determined 
lines in the ordinary region of observation, as will appear from Table III. It 
may be noted that the pair of lines A 1036 appeared in the second order on 
a plate of the carbon arc in vacuo taken in the course of the present investiga- 
tion, and was very clearly resolved ; the less refrangible component was decidedly 


* * Zeit. f. Wiss. Phot.,’ vol. 13, p. 24 (1914). 

f ‘ Roy. Soc. Proe.,’ A, vol. 102, p. 484 (1922), and vol. 104, p. 368 (1923), 
{ * Astrophys. Jour.,’ vol. 53, p. 159 (1921). 

§ * Astrophys. Jour.,’ vol. 58, p. 291 (1923). 
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the brighter, as would be expected from the series discussion, though both were 
issigned intensity 5 by Simeon. 


Table I.—Wave-lengths of C II Lines in Extreme Ultra-violet. 


Simeon. Millikan. Hutchinson. 
Intensity. Intensity. Intensity. 

—, 1036-84 5 Are. Spark. 
C 1036-7 12 1037-2 10 8 
“I 1036-22 5 } 
s 858-2 7 858-5 5 858-9 s 7 
c 687-1 7 687-3 8 687+1 6 g 
S 636-2 2 636-3 3 636-8 a 2 
a 594-9 4 595-1 5 595-5 1 5 
bh 560-5 2 560°5 2 562-0 _ i 
= 543-4 1 543-5 1 544-0 = 0 
ro (533-9 1 533-3 i = = = 
a. 





Notation and Numeration. 


lsociet 


© The series rotation adopted is mainly that of the author’s ‘‘ Report on Series 
el Line Spectra.”* Following the recent papers of Bohr and Paschen, however, 
¢he designation of the terms of the diffuse series has been changed, so that the 
rms m5, m3’ have become md, and m3, respectively. This has the advan- 
Eage of bringing the nomenclature of the diffuse terms into accordance with 
that for the terms of the principal series, lines involving 2, or 6, being of greater 
tensity than those involving 7, or 6). The use of Greek letters is merely to 
Sidicate that a system of doublets is under consideration. 
= The Rydberg and Ritz systems of numeration of the spectral terms have also 
Ajeen radically changed by Bohr on theoretical grounds, and in view of. their 
possible permanence the new numbers have been introduced into the tables 
which follow. The numbers on the Rydberg system, however, are also given 
(in brackets) to facilitate comparison with earlier tables of series. It may be 
temarked that the empirical formule of Rydberg, Ritz and Hicks give no direct 
Indication of Bohr’s numbers, although they can be adapted to include them. 
On the new system, groups of electrons in the normal atom, such as were formerly 
Supposed to be arranged in rings about the nucleus, are characterised by 


* Physical Society, London, p. 18 (1922). 
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successive principal quantum numbers increasing outwards, and the four outer 
electrons in the carbon atom (atomic No. = 6) are accordingly assigned th 
quantum number 2. The subsidiary, or azimuthal, quantum number, howeve 
is not necessarily or usually the same for all the electrons of a group. 


Identification of the Serves. 
From the beginning of the investigation it seemed probable that the well- 
known pair of spark lines in the red, near / 6580, must belong to a principal 
series. Existing data* suggested that pairs of lines about 4 2837 and A 3920 
might have the same separation and be associated with the red pair. The. 
experimental work confirmed this equality of separation and revealed similarly 
related pairs about A 2747 and A 2402. With these data, omitting the pair at 
7, 2837 and assuming the series constant to be 4N, the main features of the series 
were suggested, and the approximate positions of other lines were calculated 
Special search for these lines was instituted, and some of them were identified, 
notably a pair in the extreme red about A 7236 and a second member of the 
principal series at 4 2174. The identification of this red pair led in turn to the 
recognition of the fundamental series, the first member of which is the well- 
known spark line at A 4267. Much embarrassment was caused throughout — 
by the strong pair at A 2837, which apparently had no place in the series thus - 
suggested. 
It was clear that associated stronger series might be expected in the extreme 
ultra-violet. An approximate limit for the subordinate series, 2 (1) 2, could 
be calculated from the two z terms already obtained, and thence the approxi- 
mate positions of lines by the use of the already known terms. The identifica- 
tions, however, were actually made by sorting out wave-numbers which differed | 
by the same amounts as the known terms, assuming that the tabulated lines were — 
unresolved doublets. Next, with a Hicks formula, the three lines AA 594°9, 
560°5 and 543°4, with 4N for series constant, led to the limit 2 (1) 7, = 196643, 
but this might have been considerably in error because of the great influence of 
small errors of wave-length on the wave-numbers. A more exact value of the 
limit was obtained through the outstanding pair at A 2837 and the strong pair 
at A 1036 by introducing a term z as shown under “ combinations ” at the foot 
of Table III. In this way, the separation (Av = 58) of the pairs of the series 
in the extreme ultra-violet was deduced. | 
The significance of the « term is not clear. It is probable, however, that it is 
of the o type, because it gives the normal separation to the pair at A 2837 and 


* Kayser’s ‘ Handbuch,’ vol. 5, p. 225. 
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Table I1.—List of C IT Lines. 





“ 


‘12h. | Intensity. v. Series. Remarks. 


+ f 7236-19 Sn 13815-63 | 3(2)r,—3(2) 6, } : ; 
Ts 7931-12 Gn 13825-31 | 3(2)4,—8 (2) 8 | forating: 5°5 A per mm 
6582-85 8 15186-80 3 (2) c—3 (2) 1, } . . 
anTa 08 10 15197-93 3 (2) ¢—3 (2) m, Grating, 5:5 A per mm. 
I (5891-65 2 16968-48 | 4 (3) 2 .—4(2)8_ | 1 ,, 
[5889-97 3 16078-22- 1-4(3)ej= 409), 6 7 8B 2 10 4 per mm. 
eS (4267-27 10n 23427-61 | 3(2)8,;—4(3)0 \ , " 
S 5 4967-02 8n 23428-99 | 3(2)8.—4(3)o | f 85% SP» 2-6 A per mm. 
2 3920-773 8 25497-°98 | 3(2)m,—4(3) oe } > 4. 
3919-061 8 25509-11 3 (2) w,—4 (3) 0 Glass sp.,No. 2,4-6A per mm. 
@ 
i 2992-63 4n $3406 -71 S{3) SPI) Quartz sp. E1,4-6A per mm. 
op { 2837 - 602 8 35230 -69 a —3(2)1, } ea 
{ 0 308-710 10 5941-75 x —3(2)7, Grating, 2-8 A per mm. 
a 2747-31 6n 36388 -52 | 3 (2) r,;—4 (3) 5,5,| | Quartz spec. EF 1, 3-7A per 
© )\ 2746-50 4n 36399-24 | 3(2)7,—4(3) 8, mm, 
5% 2574-86 ln 38825-45 | 3(2)3—6 (5) Quartz spec. KE 1,3-1A per mm. 
oO 
"O* £ 2402-40 2n 41612-37 | 3(2)",—5(4)o@ Quartz spec. E 1, 2-4A per 
OS \ 2401-77 ln 41623-27 | 3(2)mg—5 (4) mm. 
S 2174-14 1 45980 - 82 3(2)0—4(3) 1, Quartz spec. E 2, 5-5A per 
‘© | 2173-86 2 45986-74 | 3(2)¢—4(3) 7, mm. 
at 2137-93 In 46759-34 | 3(2)r,—5(4)4,5,| | Quartz spec., E 2, 5-3A per 
| 2137-45 In 46769-84 | 3(2)r.—5 (4) 4, mm. 
1036-84 5 96447 2(1)",—a | 
= I 1036-22 . 96505 9 iiyet } Vacuum sp. (Simeon), 
3 858-2 7 116523 2(1)r-3(2)¢ Vacuum sp. (Simeon), Un- 
4 resolved pair. 
= 687-1 7 145539 2(1)r—3(2)8 Vacuum sp. (Simeon), Un- 
s resolved pair. 
¢ 636-2 2 157183 2(1)7-—4(3)¢@ Vacuum sp. (Simeon), Un- 
5 resolved pair. 
& 594-9 4 168095 2 (1) w—5(4)5 Vacuum sp. (Simeon), Un- 
i resolved pair. 
560-5 2 178412 2(1l)w—5(4)5 Vacuum sp. (Simeon), Un- 
resolved pair. 
543-4 1 184026 2(1)r—6(5)5 Vacuum sp. (Simeon), Un- 
resolved pair. 
533°9 l 187301 2(1l)r—7(6)5 Vacuum sp. (Simeon), Un- 


resolved pair. 








* Eder & Valenta, 2402-1 (1n). § Eder & Valenta, 2576-7 (1). 
+ Not previously recorded. | The less refrangible line is the stronger. 
% First resolved by A. 8. King (* Astrophys. 4] Eder & Valenta, 2747-3 (3). 

Jour.,’ vol. 38, p. 329 (1913). 
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leads to no fundamental series if supposed to be of $ type. There is a so 
what similar term in the series of Si IT, as will be shown in a subsequent pa 
but in that case it is certainly of 3 type. 

The lines which are considered to be definitely included in the series s 
of ionised carbon are brought together in the order of wave-lengths in Table IT 
which is self-explanatory. Wave-lengths from 1036 A downwards are the valu 
in vacuo according to the measurements of Simeon. Particulars as to t 
instruments used for the determination of individual wave-lengths are given i 
the last column of the table, which also indicates the dispersion in Angstroms 
per millimetre at the respective wave-lengths. On account of the diffuse 
character of some of the lines, the accuracy of the wave-lengths is probably 
not in every case commensurate with the dispersion employed, but the errors 
are not likely to exceed a few hundredths of an Angstrom. 

Several lines which occur in the carbon spark are not included in the above 
list and may possibly belong to series representing higher degrees of ionisation. 
Many lines which do not appear in the spark have, in fact, been obtained by 
passing strong discharges through carbon compounds in vacuum tubes. 


The Series Limits. 

Justification for the adoption of 4N as the series constant for the spectrum 
under consideration is found in the consistency of the various terms when this — 
assumption is made in the calculation of limits. With the exception of the 
first diffuse series, there is unfortunately no observed series which is long enough 
to permit the use of a four-constant formula. This series is not very suitable — 
for the independent calculation of the series constant, partly because diffuse 
series are often imperfectly represented by formule, and partly because of the — 


_ possible large errors in the wave-numbers, but the following formula may be 


quoted as representing the first four members :— 


¥ = 197003 — 487868 /(m + 1166484 —9-*7>UN)" 
The value of the constant thus calculated is 4°45N, which is, perhaps, as near to 
4N as is to be expected from the nature of the data. As indicating the 
uncertainty in the calculation of the constant from this series it may be — 
noted that a decrease of only one-tenth of an Angstrom in the wave-length — 
of the line A 560°5 leads to the value 436018 or 3°975N, and the limit 196500. — 
More exact values of the limits and spectral terms may be derived from the 
measurements in the ordinary region of the spectrum, for which greater dis- 
persion could be utilised. Formule were accordingly calculated as follows :— 
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nd Sharp Series. 3(2) 1, — mo. 
— 15197°93 { » = 68045°37 + AN / (m+ 0°315569 + 2PM) 
25497 98 aa 


3 (2) 2, = 65045°37 
41612°37 


3 (2) t, = 65056" 50 
2nd Diffuse Series, 3 (2) 2, — mds. 


1382531 | v= 64888°50 + 4N | | (m 4 0-910270 + 2041740)? 
: ne 4s Sag 
. 
= 16769°8 2 gaa 


Brndamental Series. 3 (2) 5, — md. 


“6D ‘ \2 
S [ v= S1107-56 + AN | (m + 0-969722 + =") 
: = 23427 ° 61 \ si 

3 33405°71 3 (2), — 3 (2) 3, = 1381563 

< 38825 °45 3 (2) 2, = 64923°19 

= 3 (2) 7, = 64934°32 

Oo 

aS) 

o 


The mean of the three values for 3(2)7, is 64948, but since the negative wave- 
~gumber in the 2nd sharp series is unfavourable to a good determination of the 
Emit, and diffuse series are usually not well represented by the empirical formule. 
Br has been considered best to adopt the values determined from the fundamental 


SAries, namely, 
3 3 (2) 2, = 64923°19 


3 (2) 7, = 64934°32 


Whe limits of the other series then follow when the corresponding terms and 
oes are combined in the usual manner. The decimal parts have, of course, no 
‘Glaim to significance, and are only retained to preserve accuracy in the com- 
ination of terms. 

: The Series System of C Il. 


Details as to the various series of C II which have so far been traced are given 
in Table III, which is arranged on the plan adopted in the author’s ‘‘ Report 
on Series,” and calls for little further explanation. It is only necessary to note 
that the lines of the first sharp and first diffuse series have not been resolved, and 
that their separations have been assumed to be the same as the separation of 
the pair at 2 1036, as measured by Simeon. Assuming the latter to have been 
accurately measured, the positions of the other members in the region of short 
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Table I1I.—Series of C II. 


let Sharp Series, 2 (1)r—me. 
2(1)m, = 196612; 2 (1) 7, = 196670. 








Observed. | Calculated. 
Av. m moe, 
A, Intensity. ve A. | Ve 
ten 
} 858-43 116491 
858-2 (7) | 116528 { = Nesey foeel) sae) 80121 
636-18 157187 
636-2 (2) | 175183 { aan oe Lt «jog 39425 
577-03 173301 
a - { 576-83 173359 mb oP AD = 
551-80 181225 
¥ a { 551-63 181283 th Pas, Bod 





lst Diffuse Series. 2(1)r—mé. 
2 (1) 7, = 196612 ; 2(1) 7, = 196670. 











Observed. | Calculated. 
Ap. m, més, 
A, Intensity. | v. A. | v. 
n° Se 
. e male 
687-1 (7) | 145539 { pls. pe: (58}| 3 (2) 51108 
594-9 (4) 168095 { Peuee poh mn ee se 28535 
560-5 (2) | 178412 { 4 venda Sian 18164 
543-4(1) | 184026 { mtr ttl » | 6 (8) [12558] 
: 533- 18741 
533-9(1) | 187301 { bers eine » | 7 (6) (9193) 


Fundamental Series, 3 (2)5—mdo. 
3 (2)8, = 51107-56; 3(2)35, = 51108-94. 











A, Intensity. | v. | Av. | m mo. | Remarks. 
B. R. 

4267-27 (10) 23427 -61 1-38 | 4 (3) | 27679-95 

4267 -02 (8) 23428-99 

2992-63 (4n) 33405-71 =F 5 (4) | 17702-54 | Mean 3,5, taken. 

2574-86 (1n) $8825 -45 ws 6 (5) | 12282-80 | Mean 5,5, taken. 


(2375-1) (42091 } site ine [9017-0] 
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wave-lengths have been calculated, and it will be seen that there is a 
satisfactory agreement with the observed values. The greatest divergence 
is in the line A 533°9 for which, however, the mean of Simeon’s and Millikan’s 
values is in close agreement with the calculated position. 


The Serves Terms. 





The series terms may be conveniently summarised as in Table IV. A few © 
additional terms have been extrapolated from the known terms by formule — 
calculated from the last two observed values in each series. Thus— 


‘ 2 
sanio.g pmo = 4N/ (m + 0-345406 — S-O28740 eed | 
23310°8 : 
é j ‘ 2 
28534°7 s = 4K) (m x ptaeeees oreote| | 
18164°2 m | 
17702°5 | 0°035580\2 
a OT" -ggg307 . 2.080080 
‘oogg-a st  ™P = AN, ( m + 0° 969307 + ——= 


Calculated terms are shown in brackets. 


Table [V.—Series Terms of C II. 











— | 

Bohr’s : | 4 | 4 5 | 6 : 7 
numbers. 

mx — 100165 

mo a 80121 39425 23311 (15387) (10912) 

mr, 196670 64934 34140 

mm, 196612 64923 34134 | 

ms — 51108-9 28535-1 

ma, Ss 51107-6 | 28534-7 | 18164 (12558) (9198) 

mo _- — 27680 17703 12283 (9017) 

4N/m? | (109678) (48746) (27420) (17549) (12187) (8953) 

The corresponding “ effective quantum numbers ”’ are given in Table V, these 

being the values of the square root of 4N/T, where T is the term. ‘ 
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Table V.—Effective Quantum Numbers. 

2 | 3 | 4 | 5 | 6 | 7 

= 2-092822 

_ 2-340005 | 3-335826 | 4-338221 | 5-339658 | 6-340616 
mr 1-493555 | 2-599281 | 3-584732 
mm, 1-493775 | 2-599504 | 3-585043 
mig _ 2-929826 | 3-921036 xis ae 
ms, kik 2.929865 3.921062 4-914533 5-9 LOGLG 6- 908004 
mo = — $-981142 | 4-978202 | 5-976423 | 6-974237 




















‘en It will be observed that the decimal parts of the numbers for the o terms 
Recrease from the first to the second, and afterwards increase, and that the 
-— terms first show an increase and then a decrease. This is unusual, but 


iccasionally occurs in connection with 5 terms in other spectra. 


Conclusions. 


oe las] 


From the foregoing observations and calculations it is clear that the spectrum 
a ionised carbon consists of a doublet system, as would be expected from the 
Spectroscopic displacement law. The spectrum would, in fact, be expected to 
“pe of the same type as that of the neutral atoms of boron, the element which 
c= ecedes carbon in the periodic system. The series system of neutral boron 
gas not yet been traced, but there is evidence to show that it consists of 
Epoblets, * like the spectra of other elements of the third group. The arrange- 
guent of the electronic orbits in neutral boron is not certainly known, but Bohrt 
a chas supposed that two of the three outer electrons are in 2 2, orbits and the third 
S obably in a 2, orbit. The last named would be more loosely bound than the 
8 Sothers, and the largest series term would accordingly be a p term corresponding 
with the subordinate (or azimuthal) quantum number 2, This view of the 
structure of the boron atom is in accordance with the series data for CI I, from 
which it will be seen that the largest known term is 27 ; the electron which 
produces the spectrum must therefore occupy a 2, orbit in the normal state of 
the ionised atom, 

The value 196670 for the highest series limit of © II corresponds to a second 
ionisation potential of 24°28 volts, representing the energy necessary to remove 


* * Report on Series,’ p. 155. 
T ‘ Ann. d. Phys.,’ vol. 71, p. 260 (1913). 
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the second electron when the first has already beenremoved. The first ionisat; 
potential is not known, as the series of C I have not yet been worked out, 
Saunders* has suggested that it may be from 7 to 8 volts. 


Summary. 












The production of previously unrecorded lines of carbon has led to t. 
identification of the leading members of the series of ionised carbon (C IT or C+) 
in the ordinary region of observation. The main series, however, lie in the 
extreme ultra-violet and were identified in the observations of Simeon and 
Millikan with the aid of the spectral terms thus determined. The series of 
CII form a doublet system, like the spectra of boron and other elements of 
Group III, as would be expected from the spectroscopic displacement law, 
The highest terms are the common limits of the sharp and diffuse series, 196612 
and 196670, from which it may be deduced that the second ionisation potential 
of carbon is 24°3 volts. 

In the normal state of the atoms, two of the outermost electrons in ionised 
carbon probably move in 2, orbits, while the electron which generates the 
spectrum traverses a 2, orbit, as suggested by Bohr for neutral boron. 


The author has pleasure in acknowledging the valuable assistance in the 
experimental work which has been given at different times by Mr. J. Brooksbank, 
Miss Saltmarsh, and Mr. E. W. H. Selwyn. 


* * Science,’ No. 1516, Jan., 1924. 
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The Structure of the Spectrum of Ionised Nitrogen. 


By A. Fowzmr, F.R.S., Yarrow Research Professor of the Royal Society, 
Imperial College, South Kensington, 


(Received November 10, 1924.) 


[PLATE 1.] 


ay 2021 


Introductory. 


=, In accordance with recent developments in the analysis of spectra, it is 
to be expected that, while the neutral atom of nitrogen (NT) will yield a spectrum 
Glerived from systems of terms of even multiplicity, the spectrum of ionised 
Bhitrogen (N IT or N*) will be constituted from terms of odd multiplicity. The 
hpectrum of doubly-ionised nitrogen (N IIT or N**) is similarly expected to 
e formed from terms of even multiplicity. 
The probable existence of the three types of line spectra representing N I, 
EN IT and NIIT has already been pointed out,* but few details regarding the 
SFegularities i in the respective spectra have hitherto been available. A spectrum 
Swhich probably represents NI has been described by Stark and Hardtke,+ 
‘abut accurate measurements of the lines do not appear to have been made; 
Bowen and Milhkan,{ however, have attributed to NI two well-known pairs 
Pa lines in the Schumann region at 2A 1745-3, 1742-7, 1494-8 and 1492-8 
Smplying even multiplicity of the terms involved. 
= While the present paper has been in preparation, Ruark and his colleagues§ 
ave recognised one of the main groups of N IT lines as a multiplet of the type 
own as mp—np’, or pp’, and have indicated two pairs of lines having the 
Geparation Av = 51-69. Several lines in the extreme red have further been 
‘attributed to NII by Kiess,|| and have been classified as resulting from com- 
Apinations of a triple p term with an s term, another triple » term, and with a 
five-fold d term, all of which belong to quintet systems. None of these quintet 
terms have yet been found to be involved in the structure of the spectrum 
from 2 6650 to 42200 which is discussed in the present paper ; all the terms 


ypublishing.o 


* Fowler’s ‘ Report on Series,’ p. 165 (1922). 

} * Ann. d. Phys.,’ vol. 56, p. 363 (1918). 

{ * Physical Review,’ vol. 24, p. 214 (1924). 

§ ‘Sci. Pap. Bur. Stand., Washington,’ No. 490 (1924). 
|| * Science,’ vol. 60, p. 249 (Sept., 1924). 
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go far discovered from groups of lines in this region belong to systems of singlets 
and triplets. 

The third spectrum is still under investigation, but there is no doubt that it 
‘ncludes a doublet system similar to those of elements of the third group. 

The present communication gives particulars of the regularities which have 
been recognised in the second line spectrum of nitrogen. It is not yet possible 
to give the absolute values of the terms, but the relative values can be stated 


with considerable accuracy. 


Observational Data. 


The second line spectrum of nitrogen is well known from its occurrence, in 
company with lines of oxygen, in the spectrum of air which appears in the 
ordinary spark spectra of metals, For the present purpose, however, extensive 
observations have also been made of the spectrum of nitrogen in vacuum tubes, 
with the gas at various pressures and under varying conditions of electrical 
discharge. In this way it has been possible to separate the different classes 
of lines and to obtain most of the lines with sufficient sharpness to permit 
accurate determinations of wave-lengths. A few lines which are of importance 
for the analysis of the spectrum do not appear to have been previously recorded. 
The spectrum has been investigated over the range 16650 to 42200, but no 
regularities have yet been traced on the more refrangible side of 4 3000. 

All the lines between 16650 and 43000 which have been classified arecollected 
in Table I. The wave-lengths are on the international scale, and most of them 
have been obtained with adequate dispersion and resolving power. Numbers in 
brackets following the wave-lengths indicate intensities, and the wave-numbers 
have been corrected to vacuum in the usual way. Term combinations are 
shown in the final column. 


Triplets and Multiplets. 

The analysis of a spectrum of the kind under consideration is greatly facili- 
tated by the assignment of a value to one of the terms, even if it be entirely 
arbitrary. A rough approximation to the largest term of NII, however, 
may be obtained from astrophysical data, In a discussion of the spectra of 
stars from the point of view of the stages at which typical lines attain their 
maximum intensity, in conjunction with ionisation potentials already deter- 
mined from the series of carbon, silicon and other elements, Miss C. H. Payne* 
has estimated the ionisation potential of NII as 24 volts, A similar value has 


* * Harvard Coll. Obs. Circular,’ No. 256 (1924). 
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Table I.—Classified Lines of N IT, 
A, L.A, (inty.). v. Combinations. || A, I.A. (inty.). | v. Combinations. 
25 (0 16770-36 p,—d *4643-106 (8) 21531-30 Pr — P's 
oe is} 16794-81 Ds — d’, 4630-551 (10) 21589- 67 Pi — Py 
5941-90 (8) 16824-99 Pp, —s d’, 4621-405 (7) 21632-41 Dp, — Ps 
5940-42 (2) 16829-18 o,—d, 4613-884 (6) | 21667-66 Ps — P's 
5931-96 (7) | 16853-18 | p’,—d’, 4607-167 (7) | 21699-26 | p; — p's 
_ 5928-02 (4) 16864-37 P's — a's 4601-490 (8) | 21726-03 P2— Pi 
— 
x 7:47 7333- = 23595 - 04 
767-47 (2 17333-83 r= 2 4236-99 (6n) 595 } acer 
= 5747.33 ts) 17394- 60 Riaz 4227-738 (3n) | 23646-68 Ay = AP's: 
>> 
oS 2 oo, — 1043-54 (2n) | 24723-84 
5730-64 (0) 17445-23 P, — d, 4043-54 ( 3 } ‘ip ea ae 
= 5710-64 (5) 17506-33 = dy 4035-090 (3n) | 24775-62 PEN ae 
\O 5686-20 (6) 17581-57 Py — dy 
“ 5679-49 (10) | 17602-33 . — é 3994-995 (10) | 25024-27 Pp =5 
= 5675-96 (6) 17613-30 Ms — ds 3955-851 (5) | 25271-88 % — 6 
~— 5666-54 (8) 17642-57 ee : é : 
Of 3856-07 (3) 25925°81 P's — Py 
© 5495-89 (4) 18190-38 [1 _ ane 3855-08 (3) 25932-48 p's — ps 
6D 5480-29 (1) 18242-15 v= AP'ss || 3847-38 (2) 25984-37 P's — ps 
= 3842-20 (2) 26019-40 P's — Ps 
SH 5073-55 (1) 19704-59 Pus 3838-39 (4) 26045 -23 Pi — Dy 
ra 3829-80 (3) 26103 - 65 PoP 
CG 5045-02 (5) 19816-03 As | as oa 
©, 5010-54 (4) 19952: 39 Py — 8 3615-88 (1) s —p, 
>> 5002-66 (2) 19983-81 ios 3609-09 (2) 27699-93 s — py 
0 . 3593-60 (3) 27819-34 s — py 
Q 4810-27 (2) 20783-07 d, — d’, 3 
A 4803-30 (6) 20813-22 6, — @, 3437-162 (6) | 29085-46 P —§ 
"oS 4793-66 (2) 20855 - 06 d, —id’, 3408-136 (3) 29333-17 p, —S? 
= 4788-13 (5) 20879+18 é.— d's ; : 
= 4781-21 (2) 20909 - 44 dim id, 3331-32 (3) 30009: 52 d, — p*, 
“4779-72 (4) 20915-91 Te 3330-30 (2) 30018-70 d, — p’*, 
G 4774-24 (2) 20939-91 a — a, 3328-79 (4) 30032 - 34 d, — pe, 
= 3324-58 (2) 30070: 37 dy = gh. 
S 4674-98 (2) 21384-50 Em Or 3318-14 (2) 30128-72 dy — py 
© 4667-28 (2) 21419-78 y — 9, +30189-69 d, — p*, 
© 4654-57 (2) 21478-27 P —p’, 
o | 3006-86 (7) 33247 - 67 P — D(?) 
oO | 
eS * The wave-lengths from A 4643 to a 4035, with the exception of A 4043-54, were determined 
By J.S. Clark (* Astrophys. Jour.,’ vol. 40, p. 333 (1914) ). 


= 7 Calculated wave-number. 


S 
Been deduced by R. H. Fowler and E. A. Milne.* 
indicates that the highest term is 


which is applicable to the region here considered w 
value of the order of 70,000, it being assumed that the 
4K (R = 109678-3). The non-appearance of certain 
expected to fall within the range of 


VOL, CVIL—aA, 


The present investigation 


a p term, and adopting the usual relation,+ 
the corresponding value of the term 1 p is 194,000. The related term, 2p, 


* «Mon. Not. R.A.S.,’ vol. 54, p. 506 (1924). 


+ Fowler's * Report,’ p. 69. 


ould accordingly have a 
series constant is 
groups which might be 
spectrum observed suggests that this 
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value for 2p may be too low, but it will at least serve the same purpose as a 
value chosen at random. It is to be understood that while the values assigned 
to the respective terms may be considerably in error, the differences of term 
values are correct within the limits of error of the observations. 

For the schematic representation of the structure of the triplets and multi- 
plets, it will suffice to quote the wave-numbers of the lines ; the corresponding 
wave-lengths may be found by reference to Table I. Numbers in brackets 
following the wave-numbers indicate intensities, and differences of terms are 
printed in italics. 

The assignment of inner quantum numbers (7) is in accordance with the work 
of Sommerfeld and Landé,* and has led to the identification of the types of terms 
involved in the various groups of lines. The selection rule in relation to these 
inner quantum numbers, it may be mentioned, is that Aj = + 1 or 0, with the 
exception that the transition 0 to 0 does not ordinarily occur. It may eventu- 
ally be found convenient to adopt the inner quantum numbers as suffixes 
in place of those in common use for the designation of members of multiple 
terms, but, for the present, it has been thought desirable to continue the use 
of the older nomenclature and to give the values of j separately. 

For the sake of brevity, combinations such as mp—vwnp’ are contracted to 
pp’, since sequences of terms have not yet clearly entered into the discussion. 

One of the most striking groups of lines of N II is that about 44630 (No. 3, 
Plate 1), and it will be convenient to consider this first, because it has been 
very accurately measured by Clark and fixes the triplet character of some of 
the terms. The structure of the group may be shown as follows :— 


P's P's Ps 
(0) (1) (2) j 
21531-30(8) 58-37 21589-67(10) p, (2) 
136-36 136+ 36 
21632-41(7) 35-25 21667-66(6) 58.37 21726-03(8) ps (1) 
51-60 
21699 - 26(7) ps (0) 


P; = 70000-00F ; py = 70136-36: ps = 70167-96 
p= 48410-33; p’p= 48468-70; »’,= 48503 -95 
This group is clearly of the pp’ type, consisting of six lines, and the inner 


quantum numbers adapted to the group indicate that each set of terms belongs 


* * Zeit. f. Phys.,’ vol. 15, p- 191 (1923). 
+ Assumed value. 
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to a triplet system. If the p and p’ terms belonged to quintet systems, all the 
values of 7 would be increased by unity and a seventh line, p,p’s, would be 
expected. The p terms involved in the above combinations are doubtless 
equivalent. to the 2p terms of ordinary series, since the series constant must 
be 4R; the 1p term must be much greater. The interval rule of Landé gives 
a ratio of 2:1 for the separations of triplet p terms, and it will be observed 
that this is far from being followed in NII; the rule probably also ceases to 
qq be applicable to other elements in the first row of the periodic table. 

2 


© Attention may next be directed to a complex diffuse triplet which includes 





ethe strong lines in the yellow-green about 45680 (Nos. 1 and 2, Plate 1). This 
may be represented as follows :— 

e (I) (2) (3) j 
op 1445+ 23(0) 61-10 17506°33(6) 96-00 += -17602-33(10) = p,_~— (2) 
«136-34 136 +24 | 
e108) O15) 61-00 17642 -57(8) DP, (1) 
= 31°73 

2N7613-30(6) Ps (0) 
S d, = 52397-67 ; d, = 5249373; dg = 52554-74 

S 

5 The triplet character of the d terms is thus fully established by the values 
which have to be assigned to j in order to conform with the inner quantum 


= 


selection rule. The appearance of this diffuse triplet differs very considerably 
irom that of the more familiar triplets which occur in the spectra of elements 
eof the second group, as will be seen from fig. 1. 


htt 


Downloaded 


RP, Po PY Rd, Po, Ps PY Ad Bd. PY Ad Ao, 
NII , Ca 


Fie. 1.—The diffuse triplet of N I near \ 5680, compared with a diffuse triplet of calcium. 


The apparent distortion obviously arises from the fact that in the N II group 
the differences between the d terms are much larger in comparison with those 


of the p terms than in the diffuse triplets of calcium and other elements of the 
second group. 


The separations Ap,. and Ape; occur also in connection with three lines 


D 2 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


36 A. Fowler. 


known cluster of lines about A 5007. The wave- 


forming part of the well- 
numbers are :— 


Pi Pe Ps 
(2) (1) (0) j 
19816 -03(5) 136-36 19952°39(4) 37-42 19983-81(2) 6 th) 


The associated term must clearly have 7 = 1, and may accordingly be a 
singlet P term, or an s term of a triplet system, The restrictions as to azi- 
muthal quantum numbers, however, would ordinarily exclude P, and the term 
is therefore probably of the s type. 

A multiplet of the triplet dd’ type may be next conveniently considered. 
This is of “ skew-symmetrical” structure, consisting of three strong and four 
weaker lines, and is shown as No. 3, Plate 1. The structure may be shown 


as below :— 
d's d's dy 
(1) (2) (3) j 
20783 -07(2) 30°16  20813-+22(6) d, (3) 
96-11 96-22 
20855 -06(2) 24-12 20879 + 18(5) 30-26  20909-44(2) d, (2) 
60-85 60-73 
20915-91(4) 24-00 20939 -91(2) d, (1) 


d’, = 31584-37 ; d’, = 31614-66; d’, = 31638°-75. 


The new d’ terms thus introduced reappear in a pd’ combination which 
forms a very characteristic group of lines in the orange, the brightest line being 
25941-90 (Nos. 1 and 2, Plate 1), The wave-numbers may be arranged as 
follows :-— 


dl’. ” d’, 
(1) (2) (3) j 
16770 -36(0) 24-45 16794-81(3) 30-18  16824-99(8) Pi (2) 
58-82 58+ 37 
16829 - 18(2) 24-00 16853 - 18(7) Pe (1) 
35°19 
16864 +37(4) p’s (0) 


Like the pd group previously described, this group differs considerably in 
appearance from the more familiar diffuse triplets in the spectra of elements 
of the second group, 
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A further set of triplet terms of p type, designated p* for reasons given later, 
appears in a multiplet having its brightest member at 13838 (No. 4, Plate 1). 
The new terms combine with thg previously determined p’ terms as shown 





below :— 
| Ps prs Py 
(0) (1) (2) j 
25925°81(1) 719-42 = 26045 23(3) p, (2) 
58-56 58°42 
25932-48(2) 51:89 25984-37(1) 279-28 26103-65(3) =p’, (1) 
35°03 
26019 -40(1) ps (0) 


p*, = 22365-05 ; p?, = 22484-47; p®, = 22536 -22. 


The les of this group are remarkable for the fact that all of them were 
broadened and displaced towards the red by about 0-7 in a tube containing 
® nitrogen at relatively high pressure. The wave-numbers quoted are from 
measurements on tubes at low pressures, where the lines were sharply defined, 

The same phenomenon of a large displacement towards the red was observed 
in connection with an isolated triplet in the ultra-violet (Nos. 4 and 5, Plate 1), 
in which the characteristic separations of the p? terms also appear; the wave- 
numbers are as follows :— 
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Ps ps Pi 
(0) (1) (2) j 
27647 -94(1) 51-99 27699-93(2) 179-41 27819+34(3) eta) 


The singlet term entering into this combination is the s term already deduced 
from sp, 

The p* terms also enter into combination with the d terms to produce another 
diffuse triplet in the ultra-violet, beginning at 243331 (No. 5, Plate 1). Thus, 


ds d, d, 
(1) | (2) (3) 
[30189 -69] 60°97 30128+72(2) 96-38 == 30032-34(4) po, (2) 
119°32 119-20 
30070 -37(2) 60-85 30009 +52(3) p*, (1) 
51-66 
30018-71(2) ps (0) 


The line for which the calculated position is v 30189 would be expected to 
be faint, and it is not shown on any of the photographs obtained. The members 
of this group, like the others in which the p* terms appear, show large displace- 
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ments towards the red when the pressure in the vacuum tubes is relatively 
high. The above wave-numbers have been deduced from wave-lengths 
measured in low-pressure tubes, , 
Singlets. 
A singlet term is indicated by the following pair of lines (Nos. 1 and 2, 
Plate 1) :-— 
da ds 
(1) : (2) j 
17333 -83(2) 60°77 17394-60(3) P (1) 
P = 69888 -51. 


A singlet P term is obviously the most appropriate for this combination, 
Pd, being then ruled out by consideration of inner quantum numbers. The 
P term, it will be observed, is only a trifle smaller than the p, term. 

The P term appears also in combination with the p’ terms, producing an 
inverted triplet which is clearly shown on the photographs (No, 3, Plate 1), 
although the lines are of no great intensity. Thus :— 


P's Ps Py 
(0) (1) (2) j 
21584 -50(2) 35-28 21419-78(2) 48-49 21478+27(2) Sm 


A faint line at 5073-5 appears to represent the combination Ps; thus, 
P—s = 19704-21, as compared with the observed wave-number 19704-59(1). 

The groups of lines so far described include a majority of the chief lines, 
and several of the fainter ones, in the region 46650-3300. There are, however, 
a number of lines which do not occur in groups and doubtless belong to a 
singlet system. Four of the more important lines, beginning with 3995, 
certainly involve two of the terms which have already been deduced. The 
associated terms are singlets of § type ( 4==0). Thist— 
024-27(10) =P —§> 


} ] 


25 
25 
29085 -46(6) =P —§%> 


a i“ 19 
29333 - i7(3) = .— S2 | 5 


= 40803 -12. 


These combinations are in complete accord 
inner quantum conditions, 


ance with the azimuthal and 


| It does not seem possible, however, to regard 
S and S* as consecutive terms of a simple 


Rydberg sequence because there is 
no line corresponding with the 


next following term. The spectrum in this 
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region is, in fact, very simple, the only other prominent singlets in the region 
24000-23000 being 243919-003(6) and 13006-86(7). The latter (y= 35247 -67) 
is possibly the PD line, and we may write— 


D? = 69888-51 — 33247-67 = 36640-84. 


Other Regularities. 


Two pairs of lines with apparently equal separations have been noted by 
aq Ruark, and a similar pair has been found in the course of the present investiga- 
“tion. The wave-numbers and separations are as follows :— 


18190-37(3n)  g1-78 1824857 (In) 
23595-04(4n) 51-64 + —- 23646 -68(2n) 
24723-84(2n) 54-78 = 24775 -62(4n) 


The’separation suggests identity with Ap?,3, but the connection is not clear, 


The p and d’ terms. 


The significance of such terms as p’ and d’ is not yet completely understood, 
but evidence has been adduced in favour of the view that they involve the 
simultaneous transitions of two electrons, with the emission of a single quantum 
of energy. Russell and Saunders,* and Wentzelf have found that pp’ multiplets 
of calcium form a series of approximately Rydberg type, and converge to a 
= limit which is higher than that of the normal series of triplets, so that some of 
=the terms become negative. This is regarded as an indication of the emission 
¢ of a greater amount of energy in the pp’ transitions than could be supplied 
= by the series electron alone, and it may be supposed that the deficiency is made 
S good by a transition of the second valence electron. 

The terms p’, d’, &c., which are thus possibly associated with the simul-’ 
taneous transitions of two electrons may be distinguished from corresponding 
© terms of ordinary type by a further selection rule to which attention has been 
directed by Laporte in his discussion of the are spectrum of iron.t In the case 
of iron it would appear that in the combination of ordinary and “ double- 
transition ” terms, the usual selection rule for azimuthal quantum numbers 


(Ak = +1)§ is to be replaced by the rule Ak=0, while AKE=+1 1s 
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* * Science,’ vol. 59, p. 50 (1924). 

+ ‘ Phys. Zeit.,’ vol. 25, p. 182 (1924). 

t ‘ Zeit. f. Phys.,’ vol. 23, p. 166 (1924); vol. 26, p. 17 (1924). 
§ k =1 fors, 2 for p, 3 for d, and so on. 
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forbidden. This rule is probably also applicable to the spectrum of N II. as 
illustrated in fig. 2, which is drawn on the plan adopted by Laporte, 


§,S.s <> £9, 8 ee 
A 


4 


te d° 
Fie, 2.—Illustrating combinations of ordinary and * double-transition ” terms in NTI. 


The combinations to be expected in accordance with the new rule, having 
due regard for the inner quantum number restrictions, are those indicated by 
arrows, it being further understood that terms which are placed in the same 
group do not combine with each other. All the combinations which have so 
far been recognised in N II are in accordance with the diagram, but some of 
the possible combinations would yield lines outside the range of the present 
observations, so that their presence or absence cannot be checked. The 
combination pd’ would fall in an observed region and definitely does not 
occur in N IT, 

The second p term behaves in combination like the first. and it has accordingly 
been temporarily designated p? in preference to p”; the second § term has 
similarly been called 82, If p and p* were the consecutive terms 2p and 3p 
of an ordinary Rydberg sequence, 2p would have a value about 97,000, and 
the corresponding value of | p would be of the order of 300,000, which is far 
above that suggested by astrophysical data. It seems probable that the terms 
do not conform closely with a Rydberg formula, 


Combinations and Relative T ermi-values. 


The combinations which have been identified, and the relative values of the 
various terms, are collected in Table II. The combinations are stated in the 
order in which they have been described, and the 
of magnitude, p, being assumed as 70,000. 
and inner quantum numbers respectively, 

It results from the foreg 


terms are arranged in order 
Under i and j are the azimuthal 


oing investigation that the largest term is a p term, 
and from this it may be concluded that in the atom of 


N II the series electron 
normally occupies a 2, orbit, 


As expressed in. the “ spectroscopic displacement 
| ave shown that the Spectrum of an ionised element 
is of the same character as that of the neutral atom of the element which 
immediately precedes it in the periodic table, and it follows that there is a 


close similarity in the arrangement of the electrons in the two atoms. The 


law,” other investigations h 











Combinations. 
7 K J 
p—p (9) 
p —d 2 (1) 
p's (2) 
= ae 2 (1) 
SS 
ON 4 f 
= p—d f (1) 
© a 3 4 (2) 
& sp (3) 
= 
S d —y# | on 
if : r 
Z P — dg, (0) 
2 a | 
S =F 2 4 (1) 
P P —s (2) 
‘3 P= 9 1 (0) 
Me 
> Pp, —S 1 (0) 
2. 
= P —$ , 32 
: ) 
Sas ,-—F (1) 
iS 
se P —D1 3 <(2) 
A 
S (3) 
A 
(0) 
2 4 (1) 
(2) 


Relative Terms. 


Ps = T0167 -96 
Po = 70136 -36 
Py = T0000-00 
P = 69888-51 
d, = 52554-74 
d, = 52493-73 
d, = 52397 -67 
s == 50184-30 
p a= 48503 «95 
p o= 48468 -70 
p= 48410-33 
S = 44864-36 
S* = 40803-12 
D?= 36640-84 
d’,= 31638-75 
d’,.= 31614-66 


d’ = 31584-37 
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Table 11.—List of Combinations and Term-values. 


Apo = 31 : 60 


Apis = 136-36 


Ads, = 61-01 


Ady, = 96-06 


Ap’ as = 35 “ 25 


Ad’, = 30-29 


Ap?og= 51°75 


Ap? >=119-42 


conclusion with regard to ionised nitrogen is therefore of additional interest as 
giving an indication of the structure of the neutral atom of carbon, the spectrum 
of which has not yet been resolved into series, The first group of elements in 
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Bohr’s table of atomic structures* may accordingly now be extended to carbon 

with considerable confidence. Thus, in the neutral atom of carbon it is probable 

that there are two electrons in 1, orbits, two in 2, and two in 2, orbits. 
Summary. 

New observations of the second line spectrum of nitrogen (NII, or N*) 
have been made in the region 46650-2200, and 52 lines have been classified 
in relation to the terms which combine to produce them. In this region, all 
the terms which have been identified belong to singlet or triplet systems. 
These have been found to combine with each other in agreement with the 
selection rules applicable to other spectra in which p’ and d° terms appear. 
The absolute values of the terms cannot yet be stated, but a value of 70,000 
has been provisionally assigned to 2p, in accordance with the value suggested 
for 1p by astrophysical data. 

The largest term identified is a p term, and it may be inferred that the series 
electron in singly-ionised nitrogen normally occupies a 2, orbit, so that the 
atom of N IT has two electrons in 1, orbits, two in 2, and two in 2, orbits. 
From the spectroscopic displacement law it may be further inferred that this 
is also the probable arrangement of orbits in the neutral atom of carbon, the 
spectrum of which has not yet been resolved into series. 

Three groups of lines which involve one of the p terms are remarkable as 
showing large displacements (> 0-54) to the red in vacuum tubes at 
relatively high pressures. 


The author has pleasure in acknowledging his indebtedness to Mr. J. 
Brooksbank and Mr. L. J. Freeman for some of the photographs which have 


been utilised in the foregoing investigation. 


DESCRIPTION OF PLATE 1. 
1. Spark spectrum of copper in air 
. Spark spectrum of iron in air 
These show the groups p’d’, Pd, and pd. 
3. Nitrogen vacuum tube, large Littrow prismatic spectrograph. Shows the combination 
groups dd’, Pp’, pp’. Theshort lines near the edges of the spectrum are arc lines of iron. 
. Nitrogen vacuum tube, large quartz spectrograph. Shows the lines PS, p,S, and the 
groups pp’ and sp*. Lines of NITI at \A 4641 ‘90, 4640-64, 4634-16 appear faintly. 
. Nitrogen vacuum tube, large quartz spectrograph. Shows the lines PS*, p,S*, and the 
groups sp* and dp*. 
The bands of nitrogen which appear in 4 and 5 are mainly due to the use of an 
end-on tube, the bands originating in the wider part of the tube. The bright place 
on the red side of the strong line \ 3995 is the head of a band, A3998. There is also a 
faint band head at A 3582 which might be mistaken for a line in the reproduction. 


* * Ann. d. Phys.,’ vol. 71, p. 260 (1923). 
ee 
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results are of significance in connection with the mechanism of cataly 
hydrogenation. 















_. 


In conclusion, the author wishes to express his gratitude to Prof. K, T. 
Compton and Prof. H. 8. Taylor for their constant encouragement, advice and 
assistance. He also welcomes the opportunity to thank all the 1 . 
workers in Palmer Physical Laboratory, Princeton, whose friendly help was so 
generously given at all times. 
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The Spectrum of Lonised Oxygen (O IT), 


By A. Fow er, F.R.S., Yarrow Research Professor of the Royal Society, 
Imperial College, South Kensington. 


(Received December 23, 1925.) 


Two different line spectra of oxygen have long been known under the names 
spectra, assigned by Schuster in 
1879* on the supposition that complex and simplified molecules or “ molecular 


> 


* compound line ’ 


and “* elementary line ’ 
groupings *’ were respectively involved in their production. The possibility 
of a_ further modification of the line spectrum was also foreshadowed by 
Schuster, in collaboration with Roscoe,} in the observation of a line at 5592 
when a condensed discharge was passed through oxygen in a short and narrow 
capillary tube. Additional lines of this third type were observed later by 
Lunt,{ and further investigated by Fowler and Brooksbank.§ 

In accordance with present views as to the origin of spectra, the three spectra 
are attributed to neutral, singly-ionised, and doubly-ionised atoms, and are 
designated O I, O II, O III, or O, OF, OF*. Other spectra representing 
higher degrees of ionisation are theoretically possible, and evidence of the pro- 
‘duction of O IV and O V in the spectra of vacuum sparks has been obtained 


* * Phil. Trans.,’ vol. 170, p. 41 (1879). 

+ ‘Mem. Phil. Soc. Manchester,’ 3rd Series, vol, 7, p. 82 (1880). 

¢ ‘ Annals of the Cape Observatory,’ vol. 10, pt. IT, p. 26n (1906). 
§* Monthly Notices R.A.S.,’ vol. 77, p. 511 (1917). 
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"Y Millikan and Bowen.* The first three spectra are of considerable interest 
astrophysicists on account of their occurrence in stars of successively higher 
mperatures, in strict accordance with the results of laboratory experiments. 
Among other points of interest, the analysis of these spectra may eventually 
ead to trustworthy values of the successive ionisation potentials, and thence 
to important deductions as to stellar temperatures. This result, however, 
has only at present been finally attained with respect to O I, through the 
ension of the observations into the extreme ultra-violet by Hopfield. 
Some of the regularities in the spectrum of O II have already been recog- 
sed by the present author{ and by Croze,§ the latter partly with the aid 
his earlier observations of the spectrum with the source in a magnetic 
Id.|) 
The present paper gives the results of new measurements of the lines of 
II in the region 4 6750 to 11950, together with details of the numerous 
ditional regularities which have been traced. An extension to shorter wave- 
gths is contemplated, and the structure of the third spectrum is also under 


Observational Data. 


Lines attributed to OII are conspicuous in the ordinary spark in air, but 
der these conditions they are mostly too broad for accurate measurements. 
ost of the measurements have accordingly been made on photographs of the 
ectrum of the discharge in vacuum tubes, where the conditions could be 
controlled as to produce a majority of the lines with the desired sharpness. 
ie O II lines were produced by condensed discharges of moderate intensity 
nugh capillary tubes, and could be readily distinguished from the lines 
O III, which were added to the spectrum as the pressure was lowered and 
e intensity of the discharge increased. 

Several spectrographs were employed in the investigation, but all were of 
Adequate dispersion and resolving power for the particular regions under 
examination with them. Thus, for the visual spectrum, most of the photo- 
_ Sraphs were taken with a large Littrow glass spectrograph, giving a dispersion 
tanging from 10 A per mm. at 45900 to 1-9 A per mm. at 24000. For the 
| igs Rey.,’ Sept., 1924, p. 209. ‘ Proc. Nat. Acad. Sci., Washington,’ vol. 11, p. 329 
_ t* Astrophys, Journ.,’ vol. 59, p. 114 (1924). 

tf ‘ Report on Series in Line Spectra,’ p. 167 (1922). 


§ “Comptes Rendus,’ vol. 180, pp. 277 and 432 (1925). 
|‘ Ann. de Physique,’ vol. 1, p. 80 (1914). 
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478 A. Fowler. 


ultra-violet, a large quartz spectrograph (Hilger’s E 1) was employed, giy 
12 A per mm. at 414000 and 2A per mm. at 42300. Many measuremer 
were also made on photographs taken in the first order of a 10-ft. concave gra in 
giving about 54 A per mm., and of many of the stronger lines on third ord 
plates. For the region 2280— 1850, a small quartz spectrograph | 
Bellingham and Stanley was used, giving 9-8 A per mm. at ) 2280 and 4-8 
per mm. at A 1850.* 
Relative accuracy over moderate ranges, it may be remarked, is not diffiew 
to obtain, but on account of the long exposures required to bring out some — 
of the lines, and the consequent liability to displacements arising from tempers 
ture changes, the absolute values are less certainly reached. The analysis 
the spectrum, however, provides a check on the values obtained for some 
the lines. In view of the great labour required to establish wave-lengths 
seven figures, most of them are given to six figures. ‘ 
The wave-lengths of some of the stronger lines in the blue and violet ha 
previously been determined with great care, under the present author’s dire 
tion, by J. 8. Clark.t With two exceptions these have been verified to at leas 
the second decimal place, and have been used as standards for the measure 
ment of fainter intermediate lines on some of the photographs. 
An effort has been made to record the spectrum as completely as possible, 
because faint lines are frequently of importance for the completion of multiple 
groups. Care has also been taken to exclude lines due to carbon or to oxyg! 
at stages of ionisation higher than the first. Pending a more comple 
investigation of the various spectra of carbon, however, it is not quite ce ral 
that every line of this element has been eliminated. 


Description of Table I. 


The wave-lengths (international scale) of all the lines which are believ 
to be due to O II are collected in Table I. The figures in brackets followin 
the wave-lengths in column 1 indicate approximate relative intensities in t 
usual manner. Lines which have a tendency to become diffuse are indicat 
by the letter m attached to the intensity number. A few groups of lines st 
a broadening and displacement towards the red under some conditions, @ 
are distinguished by the letter r; the tabulated wave-lengths of such in 
were determined from plates taken with the gas at moderate or low pressu! 


* The author is indebted to the Government Grant Committee for this instrument. 
} ‘ Astrophys. Journ.,’ vol. 40, p. 333 (1914). 
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The third and fourth columns of the table indicate the classification of the 
1e: as explained later. Next follow the observations of Exner and Haschek, 
ant and Schniederjost, and some of those by Eisig, as quoted by Kayser,* 
at omitting lines which appear to belong to O III. These wave-lengths have 
een corrected to the international scale. In the earlier part of the table only 
é lines of Eisig which are not included by the other observers are noted. 
t will be observed that the number of lines attributed to O II has been 
@ieatly increased by the present observations. 

GiTwo groups of lines, 1 3048—22992 and 2%2918— 2885, which have 
mt yet been classified, are remarkable for their diffuseness in most of the 
Photographs which have been obtained. Approximate measures of these 
thes in the diffuse state are given in the column of remarks, while those in the 
first column are of fairly well-defined lines in a particular photograph, which 
@e believed to correspond with the diffuse lines. 

¢ An isolated narrow triplet in the ultra-violet has been omitted from the 
‘Able, namely :— 


2 a y Ay 
3218-04 (3)  31065-87 

12-56 
3216-74 (2)  31078-43 

7-05 
3216-01 (2) 31085-48 


The separations appear to be identical with those of two inverted triplets 
yt 44.6264 and 5410, which have been, assigned by Runge and Paschen to 
b) 1+ The triplet is, therefore, probably due to O J, as is also a similar triplet 
m the extreme red, ) 8221, observed by Merrill, Hopper and Keith. 

3 The number of lines entered in the table, extending from the red to A 1956 
an the far ultra-violet is about 400. Of these, 90 have been classed as 
Belonging to the doublet system, and 68 to the quartet system, including 
he majority of the stronger lines, and many of the fainter ones. Further 
_ analysis of the data may be expected to lead to the recognition of other 

regularities. 
* * Handbuch der Spectroscopie,’ vol. VI, p. 214. 


7 Fowler’s ‘ Report on Series,’ p. 169. 
t ‘ Astrophys. Journ.,’ vol. 54, p. 76 (1921). 
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Table I.—Lines of Ionised Oxygen (O II, or O*). 





Combinations. Other Observations. 
A, Intensity. v ™ 3 Rema i 
Doublet. Quartet. Haschek. Lunt, 








6721-35 (5) | 14873-87 | 2p,—2s, 
6654-77 (1) | 15022-68 
6640-90 (4) | 16054-05 | 2p,—2s, 





5206-73 (5) | 19200-58 ap’,—ap" s 
5190-56 (3) | 19260-40 ap’,—ap" s Isolated group, 
5176-00 (2) | 19314-57 ap’ »—ap" ; 
5160-02 (4) | 19374-39 ap’,—ap"; 


4955-78 (3) | 20172-84 ap’ ,—bd' 5-83 (1) | 2p’ *d’ identifies 
4943-06 (7) | 20224-76 ap’,—bd', 3-27 (6) 
4941-12 (5) | 20232-70 ap’,—bd’. 1-04 (4) 
4924-60 (6) | 20300-57 4-77 (6) 
4906-88 (5) | 20373-87 7-09 (5) 
4890-93 (4) | 20440-31 0-87 (3) 
4871-58 (5) | 20521-50 | bp’,—cd’, 1-70 (4) 
4864-95 (3) | 20549-47 5-10 (1) 
4861-03 (3) | 20566-04 | bp’,—cd’, 1-12 (3) 
4856-82 (3) | 20583-38 id's 7-O1 (4) 
4856-49 (2) | 20585-27 a 
4845-01 (1) 20634 -04 8,—Ty , 
4843-26 (In) | 20641-50 \s 26(2d) | Possibly double 
4752-70 (2) | 21034-81 2-96 (0) 
4751-34 (4) | 21040-83 1-59 (4) 
4744-85 (0) | 21069-61 
4741-71 (3) | 21083-56 2-12 (3) 
4710:04(5) | 21225-31 10-1 (1) | 09-79 (2) 
4705-36 (8) | 21246-43 5-38 (2) | 5-14(6 | 
4703-18 (3) 21256-28 Fisig 03-2 (1) 
4701-76 (0) 21262-70 bp’.—bp”, pe 
4701-23 (2) | 21265-10 bp’ .—bp"s : Eisig 01-3 (1) 
4699-21 (7) | 21274-23 9-21 (2) | 9-01 (5) 1D 
4696-36 (2) 21287-15 apy—dy 4» 4d identified 
4691-47(1) | 21309-33 bp’,—bp’, 
4690-97 (0) | 21311-60 bp’ ,—bp" 
+4676-246 (8) | 21378-70 ap,—ds 6-16 (2) | 6-04(5) | t=A Clark. 
4673-75 (4) | 21390-12 ap,—d, 3-71 (0) 
4669-53 (0) | 21409-46 
74661-650 (9) | 21445-64 ap y—ds 1-58 (2) | 1-46 (5 
+4650-853 (6) | 21495-43 ap,—d, 0-82 (2) | 0-77 (5 
44649-148 (10) | 21503-32 apy—d, 8-88 (9) 
+4641-827 (9) | 21537-23 ap,—dy 1-76 (3) | 1-66 (8) 
+4638-865 (6) | 21550-98 ap,—dy 8-81 (2) | 8-70 (5) 
4610-14 (3n) | 21685-27 
4609-42 (4n) | 21688-65 9-55 (1) | 9-22 (2) 
4602-11 (2n) | 21723-11 2-20 (0) 
+4596-189 (8) | 21751-08 6-13 (3) | 5-87 (7) } Ay = 960d 
74590-983 (9) | 21775-76 0-95 (3) | 0-73 (8) | 
4506-50 (2n) | 22183-97 
4491-25 (3n) | 22259-29 1-04 (0) 


4489-48 (In) | 22268-07 
4488-09 (2n) | 22274-97 
4487-72 (On) | 22276-80 
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Table I—continued. 


Combinations, Other Observations, 


ve Remarks, 


| Exner and 
Doublet. Quartet. Heschak. Lunt. 





22325-75 
22368-51 9-38 ( 
22375-72 7-89 ( 
22377 -37 
22383 -54 Ki: 
22388 - 14 5 

22453-62 2p,—ad, 2-40 (2) | 2- 
22474 -66 8- 
22480 -37 

22500-76 3-12(1)| 3: 
22633- 60 2p,—ady 6-97 (5) | 6 
22644-29 2p,—aidy 4-90 ( 4: 


22689-86 |  ad,—bd’, 
22741-84 ady—bd', 5-97 (2) | 5-87 (3) 
22827 «00 

22833 -00 

22844-74 

22868 -25 

22880 a 66 ad,—bd’, 9 
22893 -09 ap,—p's 6: 


22932 - 62 ad,—hd', 

22937 > 77 

22943 -83 possibly double. 
22963 -06 

22985-05 | aps—Pp's 9 

22995 -66 ad’,—bd, 7 +42 (2) 
23005 - 50 Aps—Pp'; 5: 
23011-58 

23017 -52 

23024-42 

23033-11 

23051-70 ap.—p’ 6°85 (2 
23065-4 P2—P 2 (2) 
23073 -51 

23078-15 | bd,—ed’, 

23080-38 | bd,—cd', 

23081-8 1 
23095 +58 bp’,—bs’, 8 
23099 -47 | hd,—ed’, 

23101-66 | hd,—rd’s 7 
23110-80 ap,—p’ 5 
23142-04 bp’—bs’, ial 
23143 -55 ap.—p's 9-62 
23156-88 ap,—p' » 711 
23165-53 

23176-91 

23184-06 

23200 -95 

23209 - 84 

23219 -54 

23228 - 66 3-58 (In)| 3-61 (3) 
23233 -09 


9-31 (2) 
71 (3) 

-80(4d) Kisig 66-5 (1). 

24 (3) | *p*d identified by Croze. 

10 (3) 

Ol (2) 

85 (9) | T =A Clark. 

91 (10) 


1) | 9-19 (2) 
3) | 6-86 (6) ea 2 identified by 
Croze, 


-18 (7) 
-36 (8) 
38 (6) 
-59 (6) 


ao 


-85 (3) 
“34 (2) 
-75 (3) 


aca 


— 


-80 (0) 


— 
iv) 


-72 (0) 


-42 (2) 
‘74 (1) 


~—" 
ost 


A approx. 
63 (6) 
09 (6) 


=) 
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Combinations. Other Observations. 

A, Intensity. Vv. - P 

xner an 
Doublet. Quartet, Wasshck, Lunt. 

4294-82 (3n) | 23277-34 4-89 (2) 

4292-23 (On) | 23291-°38 2-27 (0) 

4291-25 (In) | 23296-70 1-29 (1) 

4288-83 (In) | 23309-85 8-86 (0) 

4285-70 (3n) | 23326-87 5-72 (1) 

4283-75 (On) | 23337-50 3-65 (0) 

4282-96 (In) | 23341-80 3-05 (0) 

4281-40 (On) | 23350-30 

4277-90 (In) | 23369-40 

4277-40 (In) | 23372-13 ©7109) 

4276-71 (In) | 23375-92 6-72 (1 

4275-52 (4n) | 23382-40 5-61 (3) 

4273-17 (On) | 23395-27 

4253-98 (8x) | 23500-80 3-58 (In) | 4-08 (4) 

4196-72 (1) | 23821-44 bd,—bp", 6-72 (0) 

4192-50 (2) | 23845-42 bd,—bp" 2-60 (0 
+4189-793 (10) | 23860-82 9-90 (7) | 9-92 (8) 24.7 
+4185-453 (8) | 23885-57 | 5-56 (6) | 5-54 (8) | fo” = 28°75 

4169-23 (4) | 23978-50 9-33 (2) | 9-27 (3) 

4156-54 (3) | 24051-70 6-67 (1) | 6-60 (1) 
$4153-310 (7) | 24070-42 3-48 (6) 

4146-09 (3) | 24112-33 6-15 (3) 

4145-90 (0) | 24113-44 

4143-77 (2) | 24125-84 3°74 (1) | 3-79 (3) 

4143-52 (1) 24127-29 

4142-24 (0) | 24134-74 

4142-00 (1) | 24136-14 }e-21 (I) 3°28 2 | 

4140-74(0) | 24143-49 } 

4132-82 (6) | 24189-74 2-87 (2) | 2-91 (5) | 32-99 Clark ( 

factory ’’). ‘ 

4129-34 (2) | 24210-14 9:45 (1) | 9-47 (0) . 

4121-48 (4) | 24256-31 1-58 (2) | 1-49 (2) 

4120-55 (2) | 24261-78 * by /4d’ 

0:47 (3) | 0-46(6) | by Croze. 

4120-30 (3). | 24263-25 20-267 Clark. 
74119-222 (8) | 24269-61 9-31 (8) | 9-36 (8) . 

4113-82 (1) | 24301-48 4-05 (1) | 3-92 (0) 

4112-04 (4) | 24312-00 2-11 (2) | 2-07 (3) 

4110-80(3) | 24319-33 0-91 (2) | 0-80 (3) 

4110-20(1) | 24322-88 

4108-75 (On) | 24331-46 

4107-07 (In) | 24341-41 7+12 (0) 

4106-03 (0) | 24347-57 dah, te 

Croze. 
$4105-001 (7) | 24353-68 : 

4104-74 (5). | 24350.24 \ 5-00 (6)|  Se0'ke 

4103-01 (5) | 24365-51 3°09 (2) 

4098-27 (On) | 24393-68 8-28 (1) 

4097°32(1) | 24399-34 

4097-25 (4n) | 24399-76 7-28 (4) 

4096-54 (3) | 24403-98 6-50 (2) 

4095-63 (On) | 24409-40 5-76 (1) 

4094-18 (0) | 24418-05 a 

4092-94 (5) | 24495-45 d,—f, | 3-00(3) | 2-96 (4) 











24447°-31 
24459 -98 
24472 -20 
24474-95 
24479-51 
24508 +91 
24509 +74 
24527 -74 
24550-11 
24555-88 
24563 «70 
24565-31 
24606 -04 
24617-67 
24620-09 
24656-41 
24695 +26 
24738 -16 
24776°17 
24829 -09 
24843 -65 
24856-8387 


25084 -70 
25101-+37 
25161-12 
25198 -07 
25225-46 
25281-36 
25341-10 


25507 «70 
25554 -59 
25555-48 
25584-92 
25658 «13 
25677 -05 
25745 -02 
25749 - 66 
25751-37 
25793 +70 
25805-16 
25816-15 


25868 -06 
25869 -59 
25875-96 
25918-35 
25925-21 
25956-05 
25959 - 69 
25961 +22 
25980 -92 
26010-05 
26015-20 









483 
Table I—continued. 
Combinations. Other Observations. 
Remarks, 
Doublet. Quartet. eee Lunt. 
9-08 (2) | 9-28 (5) 
7-18 (2) 
4-01 (2) 
d,—f; | 5-93(10)) 5-94(10)) — =A Clark. 
d,—f, | 2+25(10)) 2-30 (10) 
ds—fs | Lg.89 (10)| 9-92 (10 
A ieee Paihia 
3-08 (0) 
0-92 (1)? 
8-40 (0) 
2p.—ap'’, 2-75 (2) | 2-78 (6) | *p®p’ identified by Croze. 
2p4—ap’s 3°29 (8) | 3°36 (9) 
2p,—ap’, 4-40 (4) 4°49 (7) 
2p,—ap' s 5-10(3) | 5-11 (6) | 45-033 Clark. 
ad’ ,—bp’, 9-36 (6) | 3rd order grating. 
ad’,—bp’s ” . 
ad’,—bp’ » 2-05 (3) 2-04 (7) ? ” 
7-58 (1) | 7-49 (0) 
d,—d’, 3:16 (0) | 4d‘d’ partially identified 
by Croze. 
dod, 2-32 (3) | 2-22 (6) 
d,—wy 
d,—d', 
d.—d', 4-59(1) | 4-55 (1) 
Died 3-55 (1) | 3-56 (0) 
d,—Z; 7 +22 (0) 
; 6-19 (0) 
ro hiss (1) | 1.03 (0) 
» )oow "s 
8-03 (1) 
d,—Xz 


- Spectrum of Ionised Oxygen (O II). 


dy—d'sy 
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Table I—continued. 








Combinations, Other Observations, 
A, Intensity. v. " 
Doublet. : Quartet. se Lunt. 
3838-41 (0) 26045-10 
3833-10 (3) 26081-18 
3830-45 (47) 26099 - 22 ap’ s—3p, 
3821-68 (47) 26159-10 ap’ ,—3p, 
3803-14 (6r) 26286 -63 ap’ y—3p, 3-01 (0) 
3794-48 (3r) 26346 -52 ap',—3p, 
3785-01 (On) | 26412-53 
3777-60 (4r) 26464-35 &o—hp, 
3762-63 (5r) 26569 - 63 &o—bpy 2-47 (0) 
3749-49 (9) 26662 -74 @pPy—8_| 9°51 (5) | 9-48 (7) 
3746-77 (0) 26632 -10 
3741-82 (On) | 26717-40 
3739-92 (6r) 26730 -98 So—bpy 9-80 (0) 
3735-94 (3) 26759-4383 bp’.—dd' 4. 


3732-07 (0) | 26787-20 
3729-34 (2) | 26806-78 bp’ ,—da'ss 


3727 +33 (8) 26821-26 Mpy—8, | 7-32(4)] 7-34 (6) 
3712-75 (7) 26926-58 ap,—8._. | 2-80(2) | 2-72 (5) 
3533-97 (00n) | 28288-7 
3516-92 (On) | 28425-9 
3506-02 (On) | 28514-2 
3501-67 (00n) | 28549-7 
3500-5 (00n) | 28559-2 
3496-32 (2) 28593 +35 
3495-44 (On) | 28600-5 
3494-66 (00n) | 28606-9 
3488 - 23 (1) 28659 - 66 
3485-45 (On) | 28682-5 
3478-43 (On) | 28740-4 
3474-94 (1) 28769 -27 
3470-81 (8) 28803 +50 ady—3p4 0-93 (1)? 
3470-42 (5) 28806-74 ad,—3py 
3459-07 (On) | 28901-2 
3457-99 (In) | 28910-3 
345331 (On) | 28949-4 
3447-98 (5) 28994 -21 ad ,—3p. 
3420-61 (3n) | 29226-21 
3419-87 (2n) | 29232-53 
Eisig. 
3409-84 (6r) | 29318-50 | bhd,—dd’,, 10-1 (2) 
3407 +38 (7r) 29339-°68 | bd,—dd‘s,5 7-6 (2) 
3390-25 (8) 29487 -92 &,—ap"s 0-29 (2n) | O-1 t3} 
3377 +20 (7) 29601-86 8,—ap", 7-19 (1) | 7-0 (3) 
3375-77 (0) 29614-4 
3374-77 (00) | 29623-2 
3371-85 (2n) | 29648-8 
3370-23 (00n) | 20663-1 
3367-00 (00n) | 29691-5 
3360-15 (00n) | 29752-0 
3306-60 (6r) 30233 -87 P'o—hp, 
3305-15 (6r) 30247-1383 P's—Ope 
3301-56 (8r) | 30280-03 Py —bpy 
3295-13 (4r) | 30339-12 P'e—bp,s 


3290-13 (5r) | 30385-22 P’':— Ope 








34333 °5 
34340-8 
34369 - 1 
34394 -9 
B4413-4 
34421-7 
34469-1 
34502 - 1 
34548 +7 
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‘ Table I—continued. 


485 
Remarks, 
C? 
All the lines of this 


group are sometimes 
broadened and  dis- 
placed towards the red. 


3048 -0* (see footnote). 
3040-0 


3032-4 


3029-0 
3026-0 
3016-0 


3013-7 


3010-0 
Also O IIT here. 
3008-8 


3007-1 


3006-0 


3003-0 

2997-7 also O IIT here. 

2996-1 

2992-5* Also C line 
here. 7 


Combinations. Other observations. 
Exner and Dive 
Doublet. Quartet. Haachek Eisig. 
P’s—bPa 7-7 (1) 
P's—bps 
3-8 (1) 
1-1 (1) 
d,—bp, 9-32 (1) 
d,—bp 8-5 (1) 
d,—bp, 5-2 (1) 4-8 (2) 
d,—bp, 
d,—bp, 
d,—bp, 
d,—bpg 
d.—hp, 
07-30 (2n) 
Rohnieder: 
jost, 


2915-7 (see footnote). 
2911-9 

0? 

2908-8 

2906-6 

2905-3 

2904 +2 

2900 «4 

2897-7 

2893-4 
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A, Intensity. 


2887-85 (3n) 
§2885-90 (1m) 
2883-78 (3) 


2878-95 (2) 
2876-30 (1n) 
2836-34 (2) 
2808-78 (2n) 
2800-01 (1n) 
2783-07 (1n) 


2747-46 (6) 
2733-34 (10) 


2718-84 (2) 
2715-38 (3) 


2693-5 (On) 
2690-3 (On) 


2575-443 (1) 
2575-300 (6) 
2571-476 (4) 


2530-30 (5) 
2527-03 (1) 
2526-89 (4) 
2523-23 (3) 
2523-09 (1) 
2517-97 (4) 


2445-55 (10) 
2444-26 (5) 
2441-06 (1n) 
2436-10 (4n) 
2433-56 (9) 


2425-62 (5n) 
2418-60 (1) 
2418-48 (6) 
2415-13 (3) 
2411-64 (3n) 
2407-49 (4) 
2407 «37 (1) 
2406-41 (3n) 


2375-73 (4) 
2365-15 (3) 
2365-08 (1) 


2339-38 (2) 
2331-13 (00) 
2327-97 (2x) 
2326-00 (1n) 
2324-83 (on) 
2322-14 (2n) 





a 


34617 +7 
34641-1 
34666 -6 


34724°8 
34756°7 
35246-4 
35592 +1 
35703 +7 
35921-0 


3638652 
36574°47 


36769°5 
36816 -4 


37115 
37159 


38816-65 
38818 -80 
38876 > 54 


39509 +1 
39560 «2 
39562 +4 
39619°8 
39622 -0 
39702 - 6 


40878 -2 
40899 -°8 
40954 +3 
41036-8 
41079°-6 


41214-0 
41333°7 
41335°7 
41393-0 
41452-9 
41524-4 
41526°5 
41543 -0 


42079-5 
42267 +7 
42269 -9 


42733°3 
42884 -5 
42942+7 
42979 -0 
43000 +7 
43050 -5 
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‘Table I—continued. 


Combinations. 


Doublet. 





Quartet. 


Other Observations. 


Schnieder- 


jost. 


8-77 (2) 


8-99 (1) 
2-96 (1) 


3-08 (4) 


8-80 (1) 
5-14 (2) 


5-04 (3) 
1-31 (2) 


(+14 (2) 


6-75 (2) 
2-98 (1) 


7°80 (1) 


5-46 (4) 
4-15 (3) 


5-97 (2 
3°52 (3 


5-47 (2) 
8-51 (3) 
5-02 (1) 
1°52 (1) 
7+38 (2) 
629 (2) 


5-64 (2) 
5-07 (2) 







| Isolated vir, 


XH 22-21 (1) 
XH 45-47 (1), 
XH 33-55 (1), 


XH 18-62 
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Table I—continued. 


Combinations, Other Observations. 


Remarks, 
Doublet. Quartet, 





‘| 43096-5 9 
n) | 43150-5 6-74 
—43162-7 6-13 
43219-5 3-08 
43319°5 


43411-6 2p.—bp’, 2 
43458 +2 2p.—bp'. 0 
43591°5 2p,—bp', 3: 
43638 «2 2p,—hp', Q- 
4 
3 





43752-5 
43779°3 


44179-3 ap’,—4p, 
44238 -6 ap’,—4p, 
443734 ap’,—4p. 2-8 (1) 
44430-6 ap’,—4p, 


45529°3 
45613-2 
45634-0 
45657 -9 
45724°7 
45799 -9 


46246-4 
46270-6 
46529-4 


This and following wave- 
lengths are provisional. 


46888-3 ae 


47079-7 ad,—4p, 


47574-4 ad,—dd’, 
47599-1 
47765-3 ad,—dd' g 


48173-7 
48193-0 
48241-8 


49419-+6 
49453 -3 
49478 +0 
49482 -2 
49572 +4 


| {3} 50910-0 
ie! Soen. 6 
+ 2-2 
\ (1) 51O11-6 No additional lines of 
51OS7-7 OM pales as far as 


nes of the group extending from A 3048 to A 2992 are extremely diffuse on most of the photographs. 
rements in the first column are from a photograph taken at very low pressure ; lines of Si, C and O IIT have 
‘minated as far as possible, and it is believed that the wave lengths tabulated correspond with the estimates 
.) ons of the very diffuse lines indicated in the column of remarks. 

4he group A 2915 to A 2783 is similar in character to the group beginning at A 3048. 
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Structure of the Spectrum. 


In accordance with recent developments in the analysis of spectra, th 
spectrum of O I has been found to be built up from triplet and quintet te "mi 
In a discussion of Hopfield’s observations it has been shown by Lapo te 
that the supposed “ doublet” system first traced by Runge and Paschen j 
in reality a triplet system, and is directly associated with the new set o 
triplets of short wave-lengths discovered by Hopfield; while the syster 
previously supposed to consist of triplets is based upon quintet terms. From 
the position of oxygen in the periodic table, a septet system might also have 
been expected, but such terms have not yet been identified, and it seems. ! 
possible that in elements of low atomic numbers lines depending upon the 
higher possible multiplicities are either weak or missing. 

The spectrum of ionised oxygen (O II) was similarly expected to be built 
up from terms of doublet and quartet, and possibly sextet systems. Si 
pairs of lines having the separation Av = 179-9 noted by the present writer 
were the first evidence of a probable doublet system, and a quartet system of 
terms was first indicated by Paschen’s observations of the Zeeman effect 
in three lines of OI] at 12 3712-8, 3727-3, 3749-5. The work of Croze, to 
which reference has already been made, considerably elucidated the general 


combinations. These results are included in the present paper, in some cases 
with further details resulting from the use of greater resolving power and 
more accurate measurements. 


Notation. 


In view of the lack of uniformity in spectroscopic notation, it is necessary 
to explain the system which has been adopted in the present paper. This is 
merely an adaptation of the generalised notation of Landé, in which the 
characteristics of a term are completely specified by nj,;, where & and j 
respectively represent the azimuthal and inner quantum numbers, and 7 is 
the maximum multiplicity in the group to which the term belongs. In practice 
my, is replaced by a term symbol such as ms, mp, md, mf...., it being understood 
that the values of & for s, p, d, f.... are 1, 2, 3, 4....respectively. For a 
Rydberg sequence the individual terms are indicated by successive numerical 
values of m. Only one probable sequence, however, has yet been recognised 


** Die Naturwissenschaften,’ 12 Jahrg., Heft 29 (1924). 
. +t Quoted by Landé, ‘ Zeit. f. Phys.,’ vol. 15, p. 196 (1923). 
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the spectrum of O II, and in other cases, when more than one term of the 
ne type appears, the largest is designated by the prefix a, the second largest 
-hand soon. Terms of the same type are, of course, recognised as such by 
, structures of the multiplet combinations in which they appear, or by 
sman effects. 

The group multiplicity is indicated by an index on the upper left side of 
e term symbol ; for example, a*d (to be read as “a doublet d*’) denotes 
he largest d term identified in the doublet system, and b*p (to be read 
t “db quartet p”) the second largest in the quartet system.* The multi- 
Glicity figures, however, are omitted when there is no _ possibility of 


= The components of double or multiple terms are indicated in the usual 
v y by subscripts on the right of the term symbols. In the present paper 
| be oo adopted are the inner quantum numbers (j), as these would 
v appear to be more convenient than the older system, especially in connection 
: Fit h the higher multiplicities. Combinations are ordinarily restricted to those 
% which Aj = + 1 or 0, with the exclusion of the transition 0 —> 0. 

| eis the terms of ear types there are others which have been called 
strichene,” “* primed ”’ “dashed *’ terms, and have been represented 
® y d, ...., or p’, d’, ...., such terms being probably associated with the 
> Riatintiedus displa bevtichit of two electrons. The form p’, d’, .... has been 
= opted in the present paper. Such terms are subject to the usual rules in 
@gard to combinations among themselves, and the combinations show the 


==) 


‘Sime kinds of multiplets and the same Zeeman effects as those of corresponding 
5 linary terms. In their intercombinations with the ordinary terms, however, 
t ey follow the rule Ak=0O, and Ak = +1 is forbidden; there is 
_ also that the “ primed” terms may combine with ordinary terms 
} Syhen Ak = + 2, as, for example, sd’, the usual restrictions as to inner quantum 
Sumbers being observed. 

Q In the spectra of the alkaline earths, Russell and Saunderst have found 
iditional terms which generally combine in the same manner as terms of 
dinary types, but differ from them in not forming part of the regular Rydberg 
ries ; for such terms they have suggested the use of doubly-accented letters, 
sp", f". In the spectrum of OIL there are two terms which have been 
rovisionally placed in this class, namely, ap”, bp”. 


* Compare Russell & Saunders, ‘ Astrophys. Journ.,’ vol. 61, p. 66 (1925). 
+ Loc, cit. 
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Term Values. 


















The investigation of the structure of the spectrum was carried on in ¢ 
first instance by adopting an arbitrary value for one of the terms of the doubl 
system, and another for a term of the quartet system. Afterwards, it appe: q 
probable that three of the doublet p terms formed part of a Rydberg sequer 
while two others could be considered to be of the p” type as defined by Rus 
and Saunders. The three p terms in question are represented by the formu al 

mp2 = 4R/[m + 0°316331 — 0-310848/mFf, 
giving 


Although these values cannot yet be considered to be firmly established, 
they have been adopted in the tables for the doublet system -which follow, 
and the remaining terms have been derived from the various combinations, 
These will at least serve the same purpose as values depending upon the 
assignment of an entirely arbitrary value to one of the terms. 

In this connection it may be remarked that if the suggested Rydberg 
p sequence be justified, it seems possible that 1s will be found to be the large 
term of the doublet system. The value of lps indicated by the formula is 
433942, which is quite improbably large for any term of the O II spect: 
On the other hand, the above values for 2p lead to 79078-69 for the term 2s 
and the corresponding value of 1s given by a simple Rydberg formula is 238,816, 
While this extrapolated term may be greatly in error, it represents an ionisation 
potential for O II of 29-5 volts, which is not hopelessly inconsistent with th 
31 volts deduced from the discussion of stellar spectra.* 

A further test of the proposed term values may be expected from observations 
in the extreme ultra-violet, particularly through the combination 1°s—2*p, bw 
the available lists of oxygen lines in this region are not sufficiently detailed t 
provide a final test. It is, of course, possible that the deepest energy level may 
be represented by a term of the quartet system, but the quartet terms so fa 
identified give no definite indications on this question. 


[Note added February 5, 1926.—In a paper which has been published sin 
the above was written (‘ Phil. Trans.,’ A, vol. 225, p. 394) Mr. J. A. Carn 
has quoted a list of oxygen lines measured by Bowen in the extreme ult 


* R. H. Fowler and E. A, Milne, ‘Monthly Notices R.A.S.,’ vol. 84, p. 499 (1924) 
Miss C. Payne, ‘ Harvard Coll. Obs. Circ.,’ No. 256 (1924). 
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let. which includes two lines at (A 625-84, 625-14 not previously resolved. 
1e wave-numbers of these lines are 159785-2, 159964-2, and their separation, 
19-0), is identical with that of the terms 2p, and 2, within the limits of error. 
f these lines be taken as 1s—2p, and 1s—2p, of O II, the value of 1s becomes 
53917, and would represent an ionisation potential of 31-35 volts, in close 
| g sement with the astrophysical estimate. 

Some doubt as to this interpretation, however, arises from the presence of 
@jother line at 4624-61 (v= 160099-9), which may possibly form a triplet 
ith the two lines in question. If so, the three lines might be assignable to 
& I, for which Bowen and Millikan have already identified two triplets having 


Z 


fGmewhat similar separations. Details of these, using the wave-lengths quoted 
By Carroll, are as follows : 


se 
(a 


on A bs AY ‘ i ay 
& 703-90 142065-6 508-23 196761 -3 
2 , 204-2 186-0 
% 702-89 142269-8 507°75 1969473 
2 107-3 116-4 
& 702-36 142377-1 507-45 197063 +7 


Dre means of the separations are 195 and 112, as compared with 179 and 136 
far the three lines under consideration. The discordance is larger than would 
is expected if the separations are really identical, as it is estimated that the 
z - separations may be relied upon to about 0-01 A (‘ Phil. Mag.,’ 
m1. 48, p. 259, 1924). It does not seem possible to reach a final decision, 
J wwever, until the measurements have been checked, or the structure of the 
2 iit spectrum has been more fully investigated. | 


: © As no intercombinations between the doublet and quartet systems have 
een identified, the tabulated terms of the quartet system are entirely based 
2 Bpon an assumed value of 100,000 for the a*ps term. It will be understood 
at while the stated values of the terms themselves may be grossly in error, 
their differences are exact within the limits of error of the observations. 


THe Dovusier System. 
The terms of the doublet system which have so far been traced are collected 
in Table IJ, it being understood that the values stated have been reached on the 
Supposition that three of the p terms form an ordinary sequence, having 4 R 
for the series constant. The adopted values of some of the terms have been 
derived from measurements of a high order of accuracy ; otherwise, the values 
VOL, CX.—A. 2 L 
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are the means of the determinations from the various combinations into w 
they enter. The general accuracy of the measurements throughout is indi d 
by the close agreement between the observed wave-numbers of the lines 
those obtained from differences of the corresponding terms. | 


Table I1.—Terms of the Doublet System. 


1 sy [238 ae a aa’, 87310-5 
28, 79078-69 be’; —-:27398-5 

Av . Av 
2p: «9413252 ann ap’,  68851-16 
2p,  93952-53 179°99 ap’,  68791-42 59°74 
Spi 4269215 gn gn by’: 0540-8 


3p, 42504-62 bp’, 50494-2 4£6°6 

4p,  -24612-3 

4D, 24419-2 193-1 fad’, 76049 -6 1-0 
ad’,  76048-6 


tap”,  49590-80 bd’ 48618 -42 


" 2 y 
ap’;  49476-81 49°99 bd’, 48565-45 92°97 
bp", 29231-39g. cd’, 29974-67g. 
bp’, 29229-03 7 96 cd’, 29972-55722 


tdd’,  23734-7 


ad. 71498 -92 dd’,  23733-9 °8 


ads 71308-24 190°68 
thd 53074-3 ; 
bd, 53052-7 72°6 


* Extrapolated from 2 a. 
{ Inverted terms; i.¢., Py>pi, or dg > dy. 
The combinations of doublet terms are shown in Table III. 
It should be remarked that lines corresponding to some of the expected con 
binations fall outside the range of the present observations and consequentl 
do not appear in the tables. There is, however, a notable exception in the cor 
bination ad — ap", which might have been expected to appear in the blt 
part of the visible spectrum. No trace of this has been found, and its absenc 
may be in some way associated with the fact that the a p” terms are Inve 
(i.¢., @ py > a p,), suggesting a further restricting condition in the combinatic 
of terms. The apparent absence of lines corresponding to other combinatic 
which are theoretically possible may generally be attributed to their feeb 
intensities, since the smaller terms are involved. 
In all cases the terms are arranged in increasing order from left to right, 
in decreasing order of magnitude downwards in each group of combina lc 
of terms of similar type. 
Wave numbers which are enclosed in brackets have been salon 
the respective terms. 
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Table I1J.—Doublet Combinations. 


“3 °» Combinations. 
2s, = 79078 °69 
Ay. 
2p, — 261 = 14873-87 (5) 99.49 2 Ps = 93952-53 
2p — 28, = 15054-05 (4) 2 pi = 94132-52 
281 — 3 pi = 3638652 (6) je7.95 3 pi = 42692-15 
26, — 3p, = 36574-47(10) 3p, = 42504-62 


28, — ap", 


29487 -92 (8) 113-94 ap”, = 49590-S0 
28, — ap"; 


29601 +86 (7) ap’; = 49476-81 


i i 


2d *p and *d *p" Combinations. 





Wr een | 
3/ ON LO 


oe 


ad 
3 
arm Values. 71308 -24 190-68 _71498-92 Combinations. 





5 2p. = 94132-52— 22633 -60(8) 
Ss 179-99 179-98 2p — ad 
‘© 2p,— 93952-53 22644 -29(10) 190-67 22453 -62(6) 
3pi = 42692-15 28806 -74(5) 
6 187-53 187-47 ad — 3p 
B, 3 pp="42504-62 28803 -50(8) 190-71 28994 -21(5) 
> 
D 4pi= 24612-3 *46888 -3(5) 
s 193-1 ad —4p 
O 4p.— 24419-2 *46888 -3(5) 47079+7(1) 
S bp"1= 29231-39 42267 -7(3) 
© 2-36 : ad — bp” 
= bp”,= 29229-03 42079 -5(4) 190-4 42269-9(1) 
EEE SS 
3 _ bdy bd, 
a 53052°7 21-6 53074-3 
| Sree a 
5 Ini = 94132-52 41079-6(9) 
aa 179-99 179-8 2p — bd 
5 2 P= 93952-53 40899 -8(5) 21-6 40878 -2(10) 
ee SS eee 
S bp’1= 29231-39 23821 -44(1) 


s 3 y" bd — bp” 
bp” ,.= 29229-03 [23823 -8] [27-6] 23845 -42(2) 


nload 


tS 
i~) 
= 
io 
J 


D 


* Not resolved. 
*s' “yn! Combinations. 
as’; = $7310-5 bs’; = 27398-5 


as’; — bp’; = 36769-5(2) 46°9 bp’: = 50540-8 
as’; — bp’, = 36816-4(3) bp’, = 50494-2 


bp’, — bs’; = 23095-58(2) 


bp’; — be’; = 23142-04(1) 49° #6 
ap’, — bs’; = 41393-0(3) 59-9 P's = 68791-42 
ap’; — bs’; = 41452-9(3) ap’; = 68851-16 


232 
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Table I1]—continued. 
=n! *d’ Combinations. ; 





ap" » ap’) 
Term Values. 68791-42 59-74 68851-16 

bd’, = 48618-42 20172-84 (3) 59-86 20232 -70 (5) 

51°97 51-92 
bd’, = 48565-45 20224-76 (7) 
cd’, = 29974-67 38816 -65 (1) 59-89 38876 -54 (4) 

' 2-12 2-165 

cd’, = 29972-55 38818-80 (6) 
dd’, = 23734:-7 45056-8 (2) 

0-8 [0-8] 
dd’ , = 23733-9 [45057 +6) [59> 8] 45117+4 (1) 

bp’ s bp’ 
50404 «2 46°6 50540-8 

ad’, = 76049-6 25555 -48 (10) 

1-0 0-89 
ad’, = 76048-6 25554-+59 (2) 46°89 25507 -70 (6) 
cd, = 29974-67 [20519-44] 46°60 20566 -04 (3) 

2-12 2-06 
cd’, = 29972 -55 20521-50 (5) 
dd’, = 23734-7 26759-43 (3) 

. Os [0-8] 

dd’ , = 23733-9 [26760 -2] [46-6] 26806 -78 (2) 


*p *p' and *p' *p’ Combinations. 





ap’ » ap’ s 
Term Values. 68791 -42 59°74 68851 -16 
2p, = 94132-52 25341 +10 (5) 59-74 25281 -36 (7) 
179-99 179-98 179-99 
2p. = 93952-53 25161-12 (10) 59°75 25101-37 (5) 
3p. = 42692-15 26099 - 22 (41) 59°88 26159-10 (4r) 
187-53 187-41 187-42 
3p, = 42504-62 26286 -63 (6r) 59-89 26346 +52 (3r) 
4p; = 24612°3 44179-3 (1) 59-3 _ 44238-6 (2) 
193-1 194-1 192-0 
4p, = 24419-2 44373 -4 (3) 57-2 44430 -6 (1) 
ap’, = 49590-80 19200-58 (5) 59-82 19260 -40 (3) 
113-99 113-99 113-99 
ap’; = 49476-81 19314-57 (2) 59+ 82 19374-39 (4) 
bp’’; = 29231-39 39560 -2 (1) 59-6 39619-8 (3) 
2-36 2-2 2-2 
bp’, = 29229-03 39562 -4 (4) 59-6 39622 -0 (1) 


EERE Ce Tl 


* Provisional wave-numbers. 













179: 99 

2p, = 93952-53 

sy bp” 1 = 29231-39 
i 2-36 


> bp", = 29229-03 


51-97 

bd’, = 48565 +45 
= cd’, = 29974-67 
ie. 2-12 
> ed’, = 29972-55 
ec 
Q dd’, = 23734-7 
a2 0-8 
S dd’, = 23733-9 
= 
z 
ae 
£ ad’; = 76049-6 
- 1-0 
: ad’ , = 76048-6 
ted’, = 29974-67 
, 5 2°12 
my cd’, = 29972-55 
3 dil’, = 23734-7 
s 0-8 
& dd’, = 23733-9 
a 


classification :— 


Table [1 I—continued. 
2» *n' and *p' *p" Combinations—continued. 





bp’s 
50494 -2 


43638 +2 (4) 
180-0 
43458 -2 (8) 


21262-70 (0) 
2-40 
21265 -10 (2) 


2d *d’ Combinations. 


ad. 
71308- -24 


2268986 (1) 
1-9 
22741 -84 (7) 
41333-7 (1) 
2-0 
41335-7 (6) 
47574-4 (4) 


bd, 

53052-7 
[22996 - 9] 
22995 - 66 (5) 
2307815 (2) 

2-23 
2308038 (0) 
[29318 -0] 


29318 -50 (6n) 


46°6 
46-7 
46-6 
16-63 
46°50 


190-68 


190+ 80 
190-78 
190-7 
190-4 


21-6 


[21-6] 
21-32 
21-26 
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bp’; 
50540-8 


43591-5 (6) 
179°9 
43411-6 (5) 
21309 -33 (1) 
2-27 


21311-60 (0) 





ad, 
7 1498 - 92 


22880 -66 (4) 
51:96 
22932 -62 (1) 
41524-4 (4) 

2-1 
41526-5 (1) 
47765-3 (2) 


bd 
53074-3 


22975 +33 (6) 


(22974 -3] 


23099 -47 (0) 
2-19 
23101 -66 (3) 


29339 -68 (77) 


[29340 -4] 


495 

Combinations. 

2p — bp’ 

bp’ ome bp” 
Combinations. 

ad — bd’ 

ad — cd’ 

ad — dd’ 

ad’ — bd 

bd — cd’ 


Attention should also be directed to the following lines of somewhat doubtful 





Term Values. 


ad, 
71308 +24 


190-68 


ad 
71498 -92 


Combinations. 


1 Gee EEE 


wd’, — 92582-48 
we = 9253364 


21274-23 (7) 
48-92 
21225-31 (5) 


190+ 67 
190-50 


21083-56 (3) 
48+7 
21034-81 (2) 


ad’ — ad 
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In view of the fact that 21,034 is too weak for its classification, and that 
other expected combinations have been found, this multiplet remains doubtfy 
Among others, the following important pairs are not included in the foregoir 
scheme of doublets :-— 


r» v Ay 

° ) ° 
4596-189 (8) 21751-08 ihe 
4590-983 (9) 21775-76 
4189-793 (10) 23860 +82 Pee 
4185-453 (8) 23885 +57 
2530-30 (5) 39509: 1 Pees 
2517-97 (4) 39702 -6 (lead? dl 


THE QUARTET SYSTEM. 


The relative magnitudes of the terms of the quartet system which have 
hitherto been identified are collected in Table IV, a value of 100,000 having 
been adopted for the a4p, term. Of the ordinary class of terms—one is of § 
type, two of p, one of d and one of f type. One term is of p’ and one of ig 
type. One term, having 3 for its inner quantum number, of which the type is 
not yet clear, has been designated ay. 


Table [V.—Terms of the Quartet System. 


Ordinary Terms. Primed Terms. 
&, = 73337-26 
Av Av 

ap, == 100263-84 p? = 77153-03 / 

ap, — 100158-52 eae p's = 77106-93 an 
_  @py_ = 100,000-00 , p's = 77014-96 

bp, = 46872-88 5 

bp, = 46767-66 ee 

bp, = 46606-24 : 

d, = 78712-86 carte d’, = 52753-22 iy 

ds = 78621 *30 124-62 d's = 52751-69 6-36 

d, = 78496-68 . d’, = 52745-34 

fs = 64203-15 

f, = 54149-12 lhe 

f; = 53968-94 

xy = 52702-93 


Combinations of the quartet terms are indicated in Table V, which is in 4 
same form as Table III. 
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Table V.—Quartet Combinations. 
45 49 Combinations. 












: 8, = 7333726 
Ay 
ap, — 8, = 26662-74 (9) : ap, = 100000-00 
ap, — 8, = 26821-26 (8) ee ap, = 100158-52 
8, — bp, = 26464-35 (4r) 105-28 bp, = 46872-88 
8, — bp, = 26569-63 (5r) 161-35 bp, = 46767-66 
Sq — bp, = 26730-98 (67) bp, = 46606-24 
4d 4» and 4d 4f Combinations. 
Oo dy ds ds dy 
“Term Values. | 78496-68 124-62 78621-30 91-56 78712-86 55-54 78768-40 
2h = 100263-84 21550-98(6) 55-55 21495-43(6) 
105-32 105+ 34 105-31 
= 100158 +52 21537-23(9) 91-59 21445-64(9) 55-52 21390-12(4) 
158-52 158-53 158-49 
= 100000-00 | 21503-32(10) 124-62 21378-70(8) 91-55 21287-15(2) (ap — d) 
“=, — 46872-88 31840-27(4r) 55-37 31895-64(3r) 
( 105-22 105-10 105-18 
DP, = 46767-66 31853-78(8r) 91-59 31945-37(7r) 55-45 32000-82(2r) 
a 161-42 161-36 161-38 
By, = 46606-24| 31890-56(10r) 124-58 32015-14(6r) 91-61 32106-75(1r) (ad — bp) 
g = 54203-15 24418-05(0) 91-69 24509-74(4) 55-57 24565-31(4) 
2: 54-03 54°15 53-96 
Yeo = 54149-12| 24347-57(0) 124-63 24472-20(3) 91-50 24563-70(6) 
oO. 77-91 77-88 77-91 
Woo = 5071-21) 24425-45(5) 124-66 24550-11(8) 
r 102-27| 102-29 
E = 53968-94| 24527-74(10) (d —f) 
& 
g 49 4p’ Combinations. 
Ss P's P 2 P 1 Combina- 
© Term Values. 77014-96 91-97 77106-93 46:10  77153-03 tions. 
a 
ap, = 100263-84 23156-88 (8) 46-08 23110-80 (3) 
105-32 105-18 105-30 
ap, = 100158-52 | 23143-55(8) 91-85 23051-70(6) 46-20 23005-50(7) | ap — p’ 
158-52 158-50 158-61 
ap, = 100000-00 | 22985-05 (8) 91-96 22893-09 (7) 
bp, = 46872-88 30233-87 (Gr) 46-16 30280-03 (3r) 
105-22 105-25 105-19 
bp, = 46767-66 | 30247-13(6r) 91-99 30339-12(4r) 46-10 30385-22 (5r) | p’ — bp 
161-42 | 161-55 161-41 


46606-24 | 30408-68 (9r) 91-85 30500-53 (7r) 


> 
| 
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Table V—continued. 
4d’ 4p’ and 4d’ 4d Combinations. a 














a's qd, d's d’ 
Term Values. | 52745-34 6:35 52751-69 1-53 52753-22 0:47 52763-69 





p’, = 77153-03 24399-76 (4) 0-42 24399-34/ 
46°10 46-08 

p’ » = 77106-93 24355°24 (5) 1:56 24353-68 (7) (24353 +26) 
91-97 91-99 : 

p's = 77014-96| 24269-61(8) 6-36 24263°-25(3) 1-47 24261-78 (2) (p’ — ad’) 





d, = 78768-40 26015-20 (3) [26014-71] 
55-54 

dy = 78712+86 25061-22 (2) 1-63 25959-69 (3) [25059-17) 
91:56 91-63 91-63 

d, — 78621-30| 25875-96 (2) 6-37 25869-59(5) 1-53 25868-06 (1) 
124-62} 124-59 124-57 


=~ 


, ~ 78496-68| 25751°37(7) 6-35 25745-02 (3) 


xd, x “p’ and « 4s Combinations. 


a = 52702-93 

Av | 
d, — x, = 26010-05 (3) d, = 78712-86 
p's —~ tq = 24312-00 (4) sei p's = 77014-96 
p's — 2%, = 24403-98 (3) p's = 77106-9383 
$, — ay = 20634-04 (1) ft, = 7337-26 


The value of 7, which satisfies the above combinations is clearly 3, but the 
character of the x term remains uncertain ; it may be an unresolved “p or *@ 
term, or possibly a term of the sextet system. 

The combination 4s 4d’ also occurs, as will appear from the following : 


Calculated Observed. 
Sy — d’, = 20583 °57 : 
ET, = DMP 
Sy — d's = 20585-56 20585 -27 (2) 


The following lines involving already recognised Av may also be noted : 
23277 +34 (3) 23978-50 (4) 97.99 
23382 +40 (4) 24070 +42 (7) 


24125 +84 (2) 99° 
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Comparison of O Il ann NI. 

The atomic number of oxygen being 8 and that of nitrogen 7, itis to be expected 
that the spectrum of singly-ionised oxygen (O II) will be of a similar character 
0 that of neutral nitrogen (NI). The lines of OIT, however, will be of higher 
re quencies than corresponding: lines of N I in consequence of the greater 
arge of the “ atomic residue,” or “ core,”’ with respect to the emitting electron, 
. nd ciation in corresponding pairs or groups may be expected to be larger 
an OIL than in NI. 

1 The spectrum of N I has recently become more completely known through the 
gxperiments of Merton and Pilley,* and a preliminary analysis of the spectrum 
las been made by C. C. Kiess.+ It results that the spectrum is built up from 
‘goublet and quartet terms, the largest identified term of each system being of 
p type. Although it is not yet possible to make an extensive comparison of 
she two spectra, it will be of interest to compare some of the probably corres- 
Honding terms and combinations. The doublets of N I not yet having been 
yorked out in sufficient detail for effective comparison with O IT, attention will 
‘De confined to the quartet systems. 

§ Among the quartet combinations which may be compared are the following 
: ) groups, the notation being that adopted for OII in the present 
wommunication. 


OIL NI OI/NI 
S04 26662-74 (9) 13385°47 (5) 1-992 
hp. — ts 8 26821-26 (8) 13432-54 (4) 1-997 
a 4), 89 26926-58 (7) 13466-34 (3) 2-000 
Aaps, Aapy Aaps, Adpe 
158-52 105-32 47-07 33-80 
s kei Observed 4 a 3 ae 3 
¥ Calculated 5 : 3 5 3 
As. — b4p, 26464-35 (4) 13061-73 2-026 
*s. — bp, 26569-63 (5) 13106-07 2-027 
‘sp — b 4p, 2673098 (6) 13176-19 2-029 
A bps, A bps, A bps, A bps, 
161:35 105-28 70-12 44-34 
Ratio JS Observed 4-6 : 8 Yt re. 
‘LGaleulated 5 . § 5 ae 


* * Roy. Soe. Proc.,’ A, vol. 107, p. 411 (1925), 
7 ‘Journ, Opt. Soc. America,’ vol. 11, p. 1 (1925). 
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The correspondence for these two triplets is very close. In each sp tr 1 
the stronger triplet has the larger separation towards the red, vie 
weaker one has the larger separation towards the violet. In OII the two tr 
slightly overlap, whilst in N I they are a little separated. The ratios a 
separations are nearly the same in both and approximate to Landé’s caler | 
separations of 5 : 3 for 4p terms. It will also be observed that the way 
numbers in OIT are almost exactly double those in NI. The ratios of th 
separations of the O II to those of the N I triplets, however, are not a 
constant, being more than 3 : | for the first, and about 2-4 : 1 for the se 


triplet. 


Other corresponding quartet combinations, which it is unnecessary 


exhibit in full detail, are the following :— 


OTT 
21503 +32(10) 
31890-56(10) 
Adj, Ads. Ads, 
124-62 91-56 55-54 
Rat; peta 6-81 :5-00 : 3-03 
Calculated 7 : 5 - $ 


‘dy — Up, 










ia 


NI OII/NI 
11517-11(3) 1-867 
15044 -84(7) 2:13 

Ady, Ads, Ada, 
50-98 37 +35 22-59 
6°82 : 5-00: 3-02 
ri : 65 chs 


a*n, — 4's 22985 -05(8) 12167 -36(5) 
tn’, — bp, 30408 - 68(9) 14394 -51(3) 
A p's, Apa A p's, APp'a 
91:97 46-10 38°36 18-38 
Rati pate S«) 8 6:3- 2-5 
Calculated 5 : 8 5 0 









In all these the wave-numbers of the OII are again roughly double thos 
of the corresponding NI combinations, and the term separations are neaqi 
in the same ratios in the two spectra, though in varying discordance wit 
Landé’s rules. The ratios of the term separations of OII to those of N 
range from 2-4 to 2-5, and are not very different from those in the seco 
sp triplet mentioned above. 

Only one 4d 4f multiplet has been identified in each spectrum, namely :— 


Ol Ni OIL N 
‘ds — "fs 24527 -74(10) 15421 -32(9) 1-59, 
Afss  Afg Afse Afss Afis  Afsse 
102-27 77-91 54-03 56-06 34-70 17-74 
Rati Observed 9-19 : 7-00 : 4-85 11:31 : 7:00: 3-58 
Oo 
Calculated Bey : 5 Cie - 6 
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In these combinations the wave-number of the leading line of the OTT 
‘oup is much less than double that of the corresponding NI line. Further, 
though in OII the separation ratios are in close Same with hensive 
», those of the N I group are more nearly in the relation 3:2:1 than 9:7: 

"he e total separations, Af;,, however, are in the ratio 2-2 : 1, and i in this “ior 
pproximate to the ratios of most of the other term separations. 

The outcome of the comparison is to suggest a close similarity between the 
spectra of O II and NI, most of the quartet groups of lines in O II having 
eee sanibers which are approximately double those of corresponding groups 
® @ NI. Apart from the a*p and ‘f terms, the ratios of the corresponding term 


#parations in O II and N I are nearly constant, and not far from 2-4 : 1. 


AC 

















Bir he spectrum of oxygen in the region 4 6750-—A 1850 has been investigated 
yer different conditions, and many previously unrecorded lines have been 


Summary. 


jaeasured. In the present communication, particulars are given of about 
sg £4) lines, which are attributed to the singly-ionised atom (OIL). The structure 
@ this spectrum has been further elucidated, 90 lines having been assigned 
9 the doublet system and 68 to the quartet system. 

Bon the supposition that three of the doublet p terms form a Rydberg 
- quence, with 4 R for the series constant, the value 93952 has been assigned 
the term 2 *p,, and the values of other terms have been deduced from the 
Prious combinations. The term 2 s thus derived suggests about 240,000 for 
2 1 s term, and if this represents the deepest energy level, the corresponding 
falue for the ionisation potential will be about 30 volts, in fair accordance 
Mth the 31 volts deduced from stellar spectra. As the calculated 1 s — 2 p 
mies lie in the extreme ultra-violet, and have not yet been identified, this result 
‘not be regarded as final. 

'e As no intercombinations between the doublets and quartets have been traced, 
Re tabulated quartet terms depend upon an arbritrary value assigned to one 
them. 

So far as a comparison can at present be made, the spectra of O II and N I, 
as expected, show a close similarity, the wave-numbers of several of the groups 


of lines in O II being approximately double those of the corresponding groups 
of N I. 


The author has pleasure in acknowledging the effective help which has been 
given by Mr. E. W. H. Selwyn, B.Sc., in connection with the experimental 
Work which forms the basis of the foregoing paper. 








LL 
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The Spectrum of Ionised Nitrogen (N IZ). 
By A. Fowter, F.R.S., Yarrow Research Professor of the Royal Society, and 





L. J. Freeman, B.Sc., D.1.C., Imperial College of Science and Technology, : 


South Kensington. 
(Received March 23, 1927.) 
[PLaTEs 47, 48.] 


Introductory. 

In a previous communication* it was shown that many of the lines in the 
spectrum of singly-ionised nitrogen (N II) in the region 6000 to 23000 were 
accounted for by triplet and singlet terms, in agreement with theoretical 
expectation. The observational data have since been extended over a much 
greater range, and the purpose of the present paper is to give the results of a 
more complete analysis of the spectrum, together with a list of all the lines 
which are considered to be due to N IT. 

The further analysis of the spectrum has been facilitated by the recent 
developments of the theory of spectra which we owe to Pauli, Heisenberg and 
Hund.f The theory enables the types of spectroscopic terms associated with 
any specified configuration of the electrons to be predicted, besides indicating 
the terms which may, or may not, combine with each other, and terms which 
may be properly associated in the same Rydberg sequence. Thus, as pointed 
out by Laporte,t although the two terms of “ p ” type indicated in the previous 
paper belong to a Rydberg sequence, one of them is theoretically the deepest 
possible term of this type, so that extrapolation for the evaluation of a deeper 
term of the same sequence is not permissible ; on the other hand, the theory 
indicates that the deepest term of the spectrum, in the notation of the previous 
paper, is of the p’ type, and the extrapolated value from the observed term 
of this type appeared to be in general agreement with that deduced from 
astrophysical considerations. It thus appears that the approximate value of 
70,000 previously assigned to the first p term should have been assigned to the 
p’ term, and that all the term values were consequently too low by about 
20,000 units of wave-number. 

The majority of the brighter lines, and many of the fainter ones, have now 

* A. Fowler, Roy. Soc. Proc.,’ A, vol. 107, p. 31 (1924). 


T * Z. £. Physik,’ vol. 33, p. 345 (1925). See also R. H. Fowler and D. R. Hartree, 


* Roy. Soc. Proc.,’ A, vol. 111, p. 83 (1926), and McLennan, McLay & Smith, *‘ Roy. Soc. 
Proe.,’ A, vol. 112, p. 76 (1926). 


{ ‘Jour, Opt. Soc., America,’ vol. 13, p. 13 (1926). 
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been classified, and most of them have been found to be derived from terms 
predicted for transitions of a single electron. There are, however, a few 
definite groups of lines which are not accounted for by this set of terms, and 
it would seem that these must arise from simultaneous transitions of two of 
the valence electrons. 

Observational Data. 

The spectrum has been investigated mainly by the use of condensed discharges 
in vacuum tubes containing nitrogen at various pressures. Under these 
a conditions, the spectrum of neutral atoms of nitrogen (N I) is represented only 
by the two well-known pairs of lines in the Schumann region at wave-lengths 
1745-3, 1742-7, 1494-8, 1492-8, from which it may be inferred that most of 
the nitrogen molecules break down directly into ionised atoms. With discharges 
of moderate intensity, the N I] spectrum thus appears almost alone, but stronger 





discharges result in the appearance of lines of N III, N IV, and even of N V.* 
From a comparison of the spectra obtained with different discharges and 
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pressures, it was not difficult to separate lines of N II from those representing 
higher stages of ionisation, even in the region of short wave-lengths beyond 
the transmission of fluorite. An attempt has been made to record all the lines 
of N II, faint as well as strong, in the region extending from 6850 in the red 
to 4830, which appears to be the limit of action of the vacuum spectrograph, 
at present available. Lines of nitrogen of still shorter wave-lengths, however, 
have been recorded in the “hot spark” spectrum by Millikan and _ his 
colleagues. 

The positions of many of the brighter lines from 1 5045 to 13919 have been 
determined in the third order of a 10-ft. concave grating, and are distinguished 
in the general catalogue (Table I) by their being stated to three decimal places. 
The remaining lines, except the fainter ones in the green, yellow and red, were 
measured on photographs taken in the first order of the grating (5-6 A per mm.), 
or with glass and quartz spectrographs of the same order of dispersion, or 
greater, and are not expected to be in error by more than two or three hundredths 
of an Angstrém. As mentioned in the previous paper, however, there are 
some lines which are subject to displacements at higher pressures of the gas in 
vacuum tubes, and although photographs of the spectrum at low pressures 
have been chiefly measured, it is not certain that such displacements have been 
altogether eliminated. Wave-lengths between A 1850 and 1215 were 

* The pair of lines at AA 1242-93, 1238-94, attributed to N V by Millikan and Bowen, 


has been obtained strongly in the vacuum discharge, and also with less intensity in the 
condensed spark in nitrogen at atmospheric pressure. 
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measured on photographs taken in the first order of the Hilger vacuum spectro- 
graph, having a concave grating of 1 metre radius and giving a dispersion of 
about 17 A per millimetre ; from 1215 to 2830 the second order was used. 


Carbon sparks in nitrogen at atmospheric pressure, with varying amounts of — 


self-induction, provided a useful additional source within the range of trans- 
mission of a fluorite window. Good standards for wave-length determinations 
are now provided by Lang and Smith’s very accurate measures of carbon lines,* 
and by measures of carbon, oxygen and nitrogen lines which have been made 
by Bowen and Ingram.7 

The intensities of the lines are indicated throughout by numbers in brackets 
following the wave-lengths or wave-numbers. Such estimates give a fair 
indication of the relative intensities over a short range of the spectrum, and 
especially in individual multiplets, but do not necessarily show the relative 
intensities of lines in widely separated regions. Wave-numbers have been 
calculated from the wave -lengths with the aid of the convenient tables published 
by Kayser.t 

Details of the wave-lengths, intensities, wave-numbers and classification 
of the N II lines are collected in Table I. Wave-lengths greater than 1850 
are the values 7m air, while shorter wave-lengths are im vacuo, 41850 being 
near the limit for quartz spectrographs. 


Table I.—N IT Lines, 16850 — 4915. 





* * Phys. Reyv.,’ vol. 28, p. 36 (1926). 
tT * Phys. Rev.,’ vol. 28, p. 444 (1926), 
t * Tabelle der Schwingungzahlen,’ Leipzig (1925). 








rd, Intensity. | ve | Classification. A, Intensity. ve | Classification, 

6836-2 (1) | 14624-0 | 1°P,”—238/ 6284-30 (3) | 15908-28 | 12P,—11P,’” 

6812-26 (2) | 14675-4 | 19P,/”"—238 242-52 (5) | 16014-75 

6630-5 (2) | 15077-7 

6610-58 (6) | 15123-06 6173-40 (3) | 16194-06 | 15F,’—2°D,’ 

[6554-7] [15262] | 1*D.—2sDy 6170-16 (1) | 16202-56 | 18F,’—22D,’ 
ie apg »—2 *D,’ 6167-82 (4) | 16208-71 | 13F,’—2 3D,’ 

6545-2 (0) | 1274-2 [5 1 ep esp’ 6150-9 (0) | 16253-3 | 14K,’—24p,’ 

6533-0 (1) | 15302-7 | 18D,—243D,’ 6136-9 (0) | 16290-4 | 13F,’—29p,’ 

6522-3 (0) | 15327-8 | 1°D,—23p. 6114-6 (0) | 16349-8 | 1°F,’—23D,’ 

6515-2 (0) | 15344-5 : 

6504-9 (2) | 15368-8 | 1°D,—2%D,’ 6065-5 (0) | 16484-8 

6492-0 (0) | 15399-3 | 18D,—25p,’ 

6482-07 (8) | 15422-92 11P,/—21D,’ 5960-98 (0) | 16771-27 | 2°P,—12D, 

6379-63 (5) | 15670-57 1 8p,/—21p,’ 5952-39 (3) | 16795-33 | 23P,—13p, 

6365-7 (0) | 15704-9 5941-67 (8) | 16825-63 | 23P,—1°D, 

6357-0 (3) | 15726-4 5940-25 (2) | 16829-66 | 29P,—14p 

6347-1 (1) | 15750-9 5931-79 (7) | 16853-66 | 23P/—12D, 

6340-67 (4) | 15766-85 5927-82 (4) | 16864-95 | 23P'—13p, 

6328-6 (1) | 15796-9 : ' 








17333 -95 
17394 -69 


17445-14 
17505 +96 
17581 -54 
1760212 
17613-10 
17642 -26 


17963 -51 
18006 -70 
18034-18 
18045 -02 
18060 -57 
18077 -29 
18090 -41 


18191 -00 
18242-79 
18249 -35 
18301-16 
18329-21 
18336 -41 


18473°5 
18569-0 
18608 -7 
18682-18 
18720 -87 
18725-71 
18789-13 
18812-4 
18814-87 
18867 +2 
18928-9 
18961-1 
19004 -0 
19122-0 
19200 -95 
19227 -17 
19260-91 
19281-16 
19287 -71 
19301 +52 
19314-98 
19320 -32 
19324-39 
19328 -32 
19331 +53 
19336 -61 
19343 «57 


19585 -30 
19693 -14 
19704-39 
19815-71 
19832 -76 
19892 -33 
19902 -45 
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Table I—(continued), 


Classification, 


1 1p,’-—1 sp,’ 


1 P,’—1 °D,’ 
1 5P,’—1 9D,’ 
1 2B, *_1 9D,’ 

1°P/—1 8D,’ 
19P,/—1°D,’ 
1 8P,/—1 8D,’ 
1°P\’—1 8D,’ 


a 3P,’— a 3D,’ 
a*P,’—a°D,’ 
a*P,’—a"D,’ 


a 3P,’—a 4p,’ 
a*P,’—a*D,’ 
a 3P,’—a =p,’ 


23p,—1 3p,” 
23p,—1 8p,” 
2 3p.) 3p,’ 
2ap\—) 9p.” 
23p\—1 ap.’ 
29p\ 1 3p,’ 


1 38,’—-1 8D, [18569-34] 


a*D,’—a °F,’ 
a*D, **_@ SF. J 
a 8D,’ —a*f, iC 


a *—,’—a *I'," 
a*D,’—a Sf,’ 


2 18,’ a 


11P,’—1 38,’ | 


1 *P,’—1 38,’ 


1°D, 1 3B! ] 


2°P,’ 
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A, Intensity. | v. | Classification. 
5016-387 (5) 19929-12 l *f—),’—1 ay", 
5012-026 (2) 19946 -46 
5010-620 (6) 19952-06 | 1°P,\’—1 38,’ 
5007+316 (7) | 19965-22 L98,'—1 9p," 
5005-140 (10) | 19973-90 1°D,/—1 38,’ 
5002 -692 (2) 19983 +68 | 1°P,’—1 °S,’ 
5001-469 (8) 19988 +57 1 *D,’—1 3F,’ 
5001-128 (7) | 19989-92 1°D,/—1 °F,’ 
4997-23 (0) | 20005-52 
4994-358 (6) 20017 +02 138,’—1P,’” 
4991-22 (2) 20029 -61 
4987-377 (4) 20045 -04 148,’—1 9P,”” 
4957-94 (0) | 20164-1 
4895-20 (4) | 20422-49 
4860-35 (2) | 20568-92 
4810-286 (2) | 20783-00 | 15D,’—1 3D, 
4806-00 (0) 20801 +53 
4803 +272 (6) 0813-34 | 1*D,’—1%D, 
4793-656 (2) 20855-09 | 1®D,’—1*D, 
4788-126 (5) | 20879-18 | 1°D,’—1"D, 
4781-168 (2) | 20909-56 | 14D,’—15D, 
4779-710 (4) 20915-94 | 14D,’—1?D, 
4774-222 (2) 20939-98 | 1*D,’—1*D, 
4765-0 (00) | 20980 
4755-5 (00) | 21022 
4751-5 (00) | 21040 
4735-8 (0) | 21110 
4726-9 (00) | 21150 
4721-59 (0) | 21173-40 
4718-43 (2 21187-58 
4712-13 (0) 21215-91 
4709-45 (1) | 21227-98 | 14S,’—1 '#P,/” 
4706-41 (0) | 21241-70 
4704-33 (0) | 21251-09 
4702-57 (0) | 21259-04 
4700-12 (0) | 21270-12 
4695-91 (1) | 21289-19 
4604-55 (3n) | 21295-36 
4677-93 (3n)| 21371-01 
4674-98 (2) 21384-50 | 1'P,’—2 *P, 
4670-0 (0) 21407 
4667-25 (2) 1419-78 | 1*P,’—2 5P, 
4654-57 (2) | 21478-27 | 1'P,’—25P, 
4651-84 (00) | 21490-8 
4643 -106 (8 91531-30 | 15P,’—2 *P, 
4630-551 Hd) 21589-67 | 1 *P,’—2 *P, 
4521-405 (7) 21632-41 | 1 “Py —2 “Po 
4613-884 (6) eel a | 1 §P,’—2 #P, 
4609-60 (0) 21687°8 
4607 «167 (7) 21699 +26 | 1 *Py—2 *P, 
4601-490 (8) 21726-03 | 1°P,/—25P, 
b64 +78 21900-74 | 21D, /—1 °F,’ 
4530+ 37 (5) 22067 +08 He 21D, —1 fF,’ ? 
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Table I—(continued). 
r, Intensity. | v. | Classification. A, Intensity. | Vv. | Classificatic 
4507-58 (3) | 22178-65 | 1°D,’—1°P,’” 3994-995 (10) | 25024-27 | 11P,’—11P, 
4488-15 (0) | 22274-69 | 1°D,’—1 °P,’” 3955-851 (6) | 25271-88 | 1°P,’—1'P, 
4477°74 (2) | 22326-46 | [D,’—15P,” 3919-003 (6) | 25509-50 21D,’ 
[4476-0] [2335-5] | 1 *D,’—15P,’” ; ae 
4465-54 (0) | 22387-44 | 13D,’—1°P, 3856-07 (3) | 25925-81 | 23P,—25P,’ 
4459-96 (1) | 22415-44 | 1°D,/—1 °P,/” 3855-08 (2) ee ie 
3847-38 (3) 5984°37 2 9p, 
4447-035 (10) | 22480-60 | 2'D,’—17D, ? 3842-20 (3) | 26019-40 | 23P,—2°P,’ 
4441-99 (3n)| 22506-13 3838-39 (5) | 26045-23 | 2°P,—25P,’ 
4433-48 (2n)| 22549-33 3829-80 (3) | 26103-65 | 2°P,—25P,’ 
4432-71 (6n)| 22553-25 
ae) | Bera soocas (| ows | ta-—da 
4427-97 ( 22577 - 1-2 °P, 
4427-21 (2) | 22581-27 3593-60 (3) | 27819-34 | 13S,’—25P,’ 
4426-05 (0) | 22587-19 ; a 
4402-5 (On) | 22708 Very diffuse || 3437-162 (6) | 29085-46 | 1+Py’—238,’ 
4375-00 (0) | 22850-74 | 21D,’—1°D, 3408-136 (3) | 29333-17 | 1*P,’—2 48, 
241-80 (8n 29568 -28 3331-32 (3) 30009-52 | 1°D,’—2 °P,’ 
ieee tens 293505 -09 3330-30 (2) 30018-70 | 1*D,’—2 ®P,’ 
4227-83 (3n)| 23646-16 | 11P,—2?P,’ 3328°79 (4) | 30032-34 | 1°D,’—2 °P,’ 
3324-58 (2) | 30070-37 LD? ey, 
9)o> 3318-14 (2) 30128-72 1 3 —2 a 
4215-72 (0) 23714-1 . . 37) ‘__9 ap ¢ 
4208-12 (00n) | 23756-9 [3311-5] [30189-4] | 1*D,’—2°P, 
Rewesbe any] ‘Soreg7s 3023-80 (2) | 33061-34 
S206-57 (On) ) SE769"7 3006-86 (7) | 33247-67 | 21D,’—22P,’ 
é . 8 1 
4206-35 (00n) | 23766-9 2992-81 (0) | 33403-71 
4181-17 (On) | 23910-0 | Peer 
4180-89 (0) | 23911-6 aap Prey £ 
4179-68 (In) | 23918-6 ee rr es ae 
ee Nd MB ae 2891-05 (In) | 34579-4 
4173-75 (On) | 23952-6 enansen 4 
4173-51 (On) | 23953-9 | ‘25 (Gn) | 34648-9 | - 
re || 2879-73 (4n)| 34715-3 | A 
4171-63 (2n) |, 23964-7 Sarr sta-te caranie tid 
4167-50 (0) | 2908-5 , Sn} ‘ | 
ie ne) 2405 2830-5 (Onn)| 35319 Very « 
rena t00n} SAoAl 2823-67 (4) | 35404-51 
| 2799-20 (4) | 35713-99 
E 2735-0 (1n)| 36552-3 
4145-759 (3) 24114-26 | a*®P,’—a 438,’ 29 ‘ 219 F383 'p « 
4133-654 (2) | 24184-87 | a 9P,’—a 98)’ all i sia did 
4124-10 (1) 24240-90 | a °Po’—a #8,’ 2590-91 (4) 98584-9 
2526-93 (0) | 39561-8 
4110-00 (On) | 24324-0 
4092-65 (On) | 24427-2 [2526-2] [39572-7] | 23P,—2°D, 
4087-35 (On) | 24458°8 2524-55 (1) 39599-1 | 2°P,—2"D, 
4082-85 (00) | 24485-8 2522-51 (1) | 39631-1 | 2*P,—2D, 
4082-28 (2n)| 24489-2 2522-27 (4) 39634-9 | 23P,—2°D, 
4076-83 (On) | 24522-0 2520-85 (3) 39657-8 | 2°P,—2°D, 
matin Ay riche B* 2520-27 (2) | 39666-4 | 2%P,—25D, 
4044-75 (1) | 24716-45 2496-88 (4) | 40038-0 | 24P,—2°*P,’” 
4043-54 (3n) | 24723-85 | B 2494-02 (1) | 40083-8 | 24P,—25P,’” 
4041-325 (5n) | 24737-39 | B 2493-22 (0) 40096:7 | 23P,—25P,’” 
4035-090 (4n) | 24775-62 | B 2490-37 (2) | 40142-6 | 23P,—2°P,'” 
4026-087 (3) | 24831-02 | B 2488-82 (1) 40167-6 | 23P,—2*P,”” 
2488-21 (0) | 40177-4 | 2%P,—2°P,/” 





* See Table V. 
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Table I—(continued). 
* | y | Classification, A, Intensity. | Y | Classification. 
& ' Ip, _3 1p’ *2096-79 (3) | 47676-7 | 15D,’—3ap, 
40616-6 | 1'P,—3'P, 2096-16 (2) | 47691-0 1 sy—8 Po, 
roe Scag (| furs | pee 
iaaaes 2091-20 (3) | 47804-2 L§D,’—35P,’ 
41461°7 [2088 -5] [47864-4] | 1"D,’—3°P, 
eet 1886-82 (4) | 52981-5 
Bens 1877-97 (2) | 53231-1 
sith s 1868-50 (1) oes 
41729-3 1867-58 (0) | 53527-2 
eT [1863-7] (53637 -6] ; mb? ee me 
areeechl ki eecaee 1950-0] (53774.0] L 8p,’ 2p,’ 
41859-0 | 13S,’—2°P, eee fe 53786-0 | 13P,’—25D,’ 
41884-8 | 1 °S,’—25P,”” +d 13p’_93p" 
tori &) | Semeg [taecdepe 
857-14. ( i «= 2 
43145-9 ins 
43152-4 _ — 
A, Vac. 
43156-1 7 4455-5 1 ap —_, | as , 
et: 1831-78 (0) | 34501-7 1 *Py’—2 98, 
13965.3 | 1830-71 (00) | 54623-6 | 1 5P,’—23S, 
43297 -3 
1766-08 (1) | 56622-6 
43481-9 1765-13 (1) saeos- 
2494. 63 (5 56701 
nh 761.78 Hid) 67085-7 | NI 
$1747-856 (7) | 57213-0 | 1°8'—-1*E 
a3ssg-9 |J2°Pr—3°Pys 1743-22 (2) | 57365-1 B *P’,,—1 "Dy 
ap aie ype 2") 2 IIe1740-315 (5) | 57460-9 | 118,/—12P, 
43602 -8 1-9 “Eg ‘ 
4322-8 1 *D,’—2 8D, 75°83 (5 59671-9 | B*P’o.—1%8, 
43648 -7 2 *P,—3 *P,’ ‘. os yi ;  — 
[43656 -5] 1 *D,’—2 "D, 1629-86 (0) 61355-0 | B3P\,’—2 *P, 
. “Py *P, 12’ —2 8P 
2 “Po—3 *P,’ ; 1629-02 (1) | 61386-6 | B*Pos 1 
43683-8 14p,’—2 *D, 1627-42 (1) 61447-0 B ®P,,’—2 sp, 
2%P,—3 *P,’ ; x4 
43717-0 by Pie || 1616-06 (In) | 61878-9 
Pepe 2009 |! 1590-25 (2n) | 62883-2 
che ceary 1574-28 (1m) Se 
[43743 +8] 1 *D,'—2 *D, 1573-21 (In) | 63564- 
43775-0 .| 2°P,—3 *P,’ 1411-99 (4) 70822 -0 
‘41 (0) | 74271-6 | 8°D,,—1*D,’ 
; (2) 44650-8 te + 74339..9 B*D,.—1 5D, 
; (On) 44684-8 1 2 a. aT) = 1p , 
(On) | 44693-3 1343-37 (2) 74439-7 | B*D, 3 
(1) | 44725-3 siveté 
(0) | 44796-0 sll fC 
3 (0) | 45039-6 1329-43 (0) ao : 
| 1328-01 (1) | 75300- 
metiie:tiias 26-67 (2 75376+7 
ge Har an ld I rr a | 
: (1) 45363 -6 1*8,—3 Fi, 1319-10 (2) 7H809-3 NI 
6 Meigpagtic th detail 1310-89 (5n)| 76282-9 | 






following lines in this group oo 
| (47655-3), 2097 +25 (47667-3), 2001-95 (47787°0). 
are is a carbon line at A 1751-33. 


VOL, CXIiv.— A. 





by Bowen and Ingram. Assigned to N II by authors from experimental behaviour. 


; -87 (47606 -8), 
have been omitted as probably being due to N IIL: 2099-87 ( ) 


3A 
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Table I—(continued), 
r, Vac. | y. Classification. A, Vac. v. Classificatine 
— Eo! Secs SSS i = al a 
Bowen. | *916-698 (8) 109087 +2 aP,-t?, 
th a a 6B *D,—2 *P, : *916-O18 (6) 109168 +2 oP.) 
*1276-74 (1) | 78324 * "6 Dys—3mP, |} *915-963 (6) | 109174-7 aP.-it 
sp,—25P,; *915-603 (6 109217°6 P+ 
*1276-18 (2) | 78358-9 .e Be D,.—3mP, ig " 
o7r OR ff =Q49" B*D,—2°P,;— ‘ 1 3P,—1 9p: 
*1275-06 (3) | 78427 A "5D, —3mP, || *672-026 (2) | 148803-8 ie at 
; eee! 
1258-75 (3) | 79444 *671-780 (2) | 148858-3 ‘ mo 
1243-14 (7) | 80442 ay 1 3p, —1P/' 
1242-67 (4) | 80472 tNI *671-650 (1) | 148887-1 i FY, 
1229-7 (4n) | 81321 ‘ el al By: 
1226-4 (4m) | 81539 Nebulous group, probably *671-397 (3) | 148943-2 cab Bese 
1224-2 (3) 81686 more complex. N II? yi te: 
#1200-681 (1) | 83286-1 | a *671-027 (2) | 149025-3 iP ie 
#1200-200 (2) | 83319-4 
1199-533 (3) | 83365-8 1 3P,—BS; 
+1134-987 (3) | 88106-7 *§45-180 (5) | 154995-5 ak 
T1134-420 (3) 88150-8 1 *P,—B 8; 
#1134-180(2) | 88169-4 *644-836 (5) | 155078-2 aP,- 
Bowen. 1 *P,—8 ! 
1% 3D, : 55127-0 : pt 
*1085+701 (8) 99106-4 P,—B a1 ‘y *644-633 (4) | Lodle) at 
a 3 
~ 4K (és on 1*P,—s *D,.; —1°D,: 
*1085-540 (3) | 92120-1 2 12 1 3P,—1 Ds 
| wp ante 3 at || *583-71 (3) | 187368 eee 
*1084-566 (7) | 92202-8 |J 1 *Pi—B8 “Dias ae 
| aP,—b Dy» #533-53 (3) 187431 are 
*1083-983 (6) | g2a52-4 |J 1 °Po—8 *D1; 
a P,—b D, 
* AA and classification by Bowen (‘ Phys. Rev.,’ vol. 29, p. 231, Feb., ae behaviow" 
TAA by Bowen and Ingram. Assigned to N Il by authors from experi 
Term Notation. sion o 
umera 
Pending a more general agreement as to the notation gene followed 
Ty c 
Spectroscopic terms, it is necessary to explain the procedure seat deri 
: , , , {N Il which 18 
in the present communication. A spectrum like that of *\ * yy the we 
from singlet and triplet terms, could be effectively described PY asl 
the earlier notation, in which capital letters (5, P, D, etc.) were used ; 
. is howeve!; - 
and small letters (s, p, d, ete.) for triplet terms. There 18, ; 


tendency towards the description of all spectra by the same gen ; type 
and to use capital letters exclusively for the representation 


altiplcty® 
> ~ . . - the m the 
In this notation, which is adopted in the present paper, on 


. j n 
the system to which a term belongs is indicated by am inO™S T  ufis # 


ae 


upper left of the term symbol, and the inner quantum a some 
’ ~ — 7 
“ Chis is the more necessary now as small letters, 6, P» 6, 4 
to indicate the k values of electron orbits. 
to irate 





royalsocietypublishing.org/ on 16 May 2021 







no ry re 
US. 


0 173 


t 
L 
+ 
GQ 


muawe Wx 
Odd 


5 
is 
- 

ie 
=) 





Spectrum of Llonised Nitrogen (N IT). 669 


the lower right. Thus, the P terms of a triplet system are represented by ?.. 
sp, °P,. So far, there will probably be general agreement, but the designation 
of individual terms or groups of terms is more debatable. In the spectra of atoms 
having more than a single valence electron, the occurrence of two or more sets 
of terms of the same type, which was revealed especially by the work of Russell 
and Saunders on the alkaline earths,* is emphasised by the recent theoretical 
developments. Thus, as is now well known, we may find numerous terms of 
each of the types S, P, D ... , which may be recognised as such by their respective 
contributions to Zeeman patterns, but not all of which have the same com- 
bining properties. Each class of terms is divisible into two groups, distin- 
guished by the use of dashes, as S, 8’; P,P’; D, D’, and so on; the 8, P, D... 
terms combine among themselves in accordance with the older selection rules, 
as do also the S$’, P’, D’ terms. The two classes of terms, however, inter- 
combine in accordance with the modified selection rule Al = 0,t as for example 
P P’,D D’; other previously unexpected combinations, such - P F’, are also 
possible. Each group of terms may sometimes be further subdivided so as to 
indicate Rydberg sequences ; thus, one set of P terms constitutes the ree 0 
and another the P’” sequence, while the P’ terms may similarly be divided * 
P’ and P’” sequences. According to the new theory, there is no difference 
all between such P, P”, P’ or P’” terms, and the notation merely expresse 
properties which are more fundamentally indicated by electron configurations. 

age , he structure of the spectrum of an 

The new theory indicates that i general the ; 

‘ngle electron, a8 in the earlier theory 
element does not depend solely upon 4 5Ng : of all the 
applicable to the alkali metals, but represents the r¢ , 

lying electrons whieh belong to 
electrons : or, since the resultant of the underlying 
eat "i terms, or energy levels, are deter: 

completed n, groups or “ shells ” 1s FO the 

mined by all the electrons which form parts of ee 
general case, a given configuration wee art greatly), bene differences 
differing in energy value among themselves (but aaa 

being accounted for by the different orientaties® | in the production of 
In the case of N II, the two electrons which orbits, and the 
at least of the spectrum are —a “ ert, 

the greater part 5 tDy are completely specified 

Corresponding theoretical terms are 3.) My The next st ol term, "Pow 
by writing (2, 24) *Poi» (2, 2g) "Day (22° «3, cxbit while the other romaine 
'P,, arise when one of the electrons oceupre 


| to the 
: Fee ae J.,’ vol. 61, oe ee 4, 2 for P, 3 tor Dyan on om Is bn rola 


Vector sum of the & valuce of all the electron ga? 





—_—__—— 
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in 2,, and these may be similarly represented by (2, 3,) *Poye, (223,)7P,. Tr 
sitions between the two sets of levels give rise to spectrum lines which may 
be represented by writing, for example, (2, 29)*P,—(2.3,)*P,. In this notation 
there is no necessity to “dash” any of the terms, as the possibility of com- 
binations is already indicated by selection rules applicable to the electron: 
transitions. These rules are as follows :— , 


(1) Not more than two electrons make simultaneous transitions from one n 
orbit to another. 

(2) The transitions are restricted to those for which Ak = +1 for one of the 
electrons and Ak = 0, or +2 for the other. 

(3) All combinations are further subject to the inner quantum selection rule, 
Aj = 0, +1, with 7 = 0 ~7 = 0 forbidden. 


Rydberg sequences would be formed from successive terms such as (2, 25), 
(25 34), (22 42), and so on. 

While this notation undoubtedly conveys all necessary information with 
regard to the electron configurations, term types, possible Rydberg sequences 
and combination possibilities, it is very doubtful whether it is the most con- 
venient for general descriptive purposes. It seems to the writers to be un- 
necessarily cumbersome for writing and printing,* and to be less convenient for 
use in the actual analysis of a spectrum than the system mentioned above, in 
which the combination properties of the various terms are more readily per- 
ceived. In the present paper, the older notation has accordingly been adopted, 
but it will be a simple matter to convert this to the electronic designations, if 
desired. 

As regards the numeration of terms, the deepest term of each class has been 
numbered 1, the next deepest 2, and so on, in the case of terms which arise 
when only one electron is displaced from its normal orbit ; terms which originate 
in the simultaneous displacement of both of the 2, electrons are distinguished 
by the similar use of a, b, c for a sequence of terms of the same class, a being 
the deepest. 

The selection rules applicable to the adopted system of notation, as deduced 
from those which serve for the electron transitions, are as follows :— 


(1) Within one class of terms (7.e., ‘ dashed’ or “‘ undashed **) Al = +1 
or +3, the latter usually yielding only faint lines. 
* The existence of quintet terms, as discovered in the analogous spectrum of O III by 


Mihul (* Comptes Rendus,’ vol. 184, p. 89 (1927)), would still further complicate the electronic 
notation, 
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(2) Between the two classes A/ = 0, or +2, lines due to the latter transitions 
usually being faint. 
(3) Aj = 0, +1, with 7 = 0 > 7 = 0 forbidden. 


Predicted Terms of N II. 


_ For transitions of a single electron the terms predicted by theory are indicated 
in Table Il. They have been deduced by the application of Hund’s rules, 
supplemented by data given by Laporte.* The unexcited atom of singly- 
— ionised nitrogen has a structure similar to that of neutral carbon (atomic number 
= = 6), and as shown in Table IT, two electrons are in the K, or 1, group and 
~ four i in the L group; two of the latter are in 2, orbits, and two in 2, orbits. 
a ! The first four thus occur in completed groups [the number required to complete 
= a group being 2 (2k — 1)] and only the electrons in 2, orbits need at present be 
5 considered. 

6) In the first instance (Table IT), one of the two outer electrons is supposed to 
: » remain in its 2, orbit (?.e., Ak = 0 for this electron), and the table shows the 
= different groups of terms which arise as the other electron occupies successively 
a larger orbits. Usually, the deepest term of the group arising from a given 
De abccetion is that having the largest multiplicity and the largest / value, 
B but this rule is not always followed in the case of NII, and other exceptions 
8 have been recorded. 

= The predicted terms are named so as to indicate the combining properties 
2 in accordance with the notation already described, and are also arranged to 
z show the various Rydberg sequences. Terms which have actually been 
3 identified are printed in heavy type. 

= The predictions have aided in the analysis of the spectrum beyond that noted 
= in the previous paper by indicating in the first instance the character of the 
B deepest terms, and next by giving approximate yalues of unidentified terms and 
S thence some idea of the location of multiplets arising from their combinations 
= with terms already known. It will be observed that there is excellent agree- 
> ment between observation and theory, so far as the comparison can at present 
Bie made. 

The “core” of the atom of NII is the normal state of the atom of N III 
and is similar in structure to the neutral atom of boron, having two 1,, two 2,, 
and one 2, electrons. The terms corresponding to this configuration are *P, 
and @P,, of which the former is the deeper. All the terms given in Table I 
are based upon these two states of the core, and from Hund’s rules it may be 


* Loc. cil. 
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determined which of the various sequences are based upon *P, and which upon 
2P,. Thus :— 


Based upon ?P, state of core : 
3S,’ *Pg Py’ *P'ne "Ds “Dg *D 123 “Fa FRY AGs' 
Based upon *P, state of core : 
Por “Pon *Dyg °D'y2 “Fog SF’ 23 °G’ss. 
All singlets are based upon the *P, state of the core. 


It should be noted that the dashed and undashed terms of the previous paper 
have been interchanged, in order to make the probable deepest term of the 


Table II1.—Predicted 


K| L M N 0 Triplet Terms. 


4, 4, 45 4, | 5, 





1, 12, Sol S58 7185 









= 
N 
= 
N 
> 
= 
\O 
= 
S 
oe) 
~sS 
on 
5 
ar 212 3 2, 2; :*} 
= 
‘S ee a | 2, 3; 
N 
= 2 1"D’ 2°P 1 *S,’ 
=> 
= i213 l os: 1 °F’ 1°D 13p”’ 
— 
S 2 “a l l 2s 4, 
© 
= 2/2 1 ] 2, 4, 2*D’ 3 3P 23S,’ 
= 212 % l 2, 4s 9 aR’ 2'pD 23p” 
= 
- a 1 2, 4,4] 1 °G’ 15F I*p™ 
or 
= 212 1 ti a 
= = 
i *] 2p, = 238849 1°P,’ = 89937-33 1 P,’” = 49908-75 1°D,’ = 72324-22 
am 50 31-60 —28-06 
D 13P, = 238799 1%P,’ = 89905-73 13P,’” = 49936-81 1*D,’ = 72263-44 
‘< S4 136 +36 —51-80 9 
‘i 13P, = 238715 15P,’ = 89769-37 13P,’” = 49988-61 1°D,’ = 72167-25 
= 
= 2 4P, = 68273+32 25P,’ = 42305-61 23P,/"” = 28079-7 2°D,’ = 36131-76 
je) 35+ 25 51:79 —25°5 
2 3P, = 68238-07 25P,’ = 42253-82 2 5P,’” = 28095-2 2°D,’ = 36080-84 
58+ 37 119-2 —46-1 
2 5P, = 68179-70 2*P,’ = 42134-53 2*P,’” = 28141+3 2°D,’ = 35984-64 
3 *P, = [35075] 33P,’ = 24634-3 35P,’" = [17968] 3°D,’ = [21620] 
5-8 
3°P,’ = 24588-5 
7 
35P,’ = 24461-4 
* Identified by Bowen (see Addendum). , 
4°P,’ = [15980] 
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undashed type, in accordance with the conventional procedure. The older 
suffixes have also been replaced by inner quantum numbers, so that, including 
singlet terms, the relation of the earlier to the present notation is as follows :— 
Ps =1°Py ps = 2°Py dy = 1°D, 


9, =1?P, yp, = 2, d, = 1D, 
a= TPS. op = 2 Py d,’ = 15D, 
o, = 2°PY dg = SD! 8 ee 1 
on = 25 ide = 1D | PI ce 1 PY 
OF a2 Pe Gy, =e SDL. . Bo = TP 
SF = 238. 
ved Terms of N II. 
Singlet Terms. Term Values. 
11D,’ 11S,’ 238849—147119 
1'P,’ 89937— 89658 
2'D,’ 1'P, 218,’ 74235— 60672 
13F’, 1'D, 11P,”” 52334— 48725 
2'P’, 42305— 40987 
3°D, 2°P, 318)’ 36132 
> 27F;’ 2'D, 2p,” 28607 
+ 1G, 1'F, 11D,/” | 
3 31P,’ 24634 
J*D, = 51408-36 a>) 15F,’ = 52334-32 pay 3 11P,’ = 89657-96 1*D,’ = > 210000 
1*D, = 51384-32 138,’ = 52274-90 21P/ = 40987-42 2'D,’ = 74235-10 
oO 30-34 81-44 
1*D, = 51353-98 1°F,’ = 52193-35 31P = 24018-7 31D,’ = [87270] 
. 5D, = 28606-9 2 Fy = [28855] 1'P, = 64633-77 1*S,° = 147118-8 
ay. sisson 21P, = [33753] 218,’ = 60572-53 
2), — 28544-8 weil 338,/ = [82407] 
15S,’ = 69953 -66 
"D, = [18130] 245,’ = 35313-9 1'F,’ = 52168-02? 


338,/ = [21570] 
1'D, = 51754-50% 


1'P,’” <= 48725-55 
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Triplet Term Values. 


Although no long sequences of terms occur in thespectrum of N IT, it is possible 
to determine the absolute values of the terms with considerable accuracy because 
of the identification of three #P?P’ multiplets which form a Rydberg sequence, 
Thus, we find 

2 3p, — 1 8P,’ = —21589-67 
23P, — 25P,’ = 26045-23 
2 *P, — 3.°P,’ 43717 -0 


Taking 109678-3 as the value of the series constant, R, these lines are repre- 


sented by the formula 

v = 68179-70 — 4R/[m + 0-259020 — 0-096678/m/ 
giving 

1 8P,’ = 89769-37 2 °P, = 68179-70. 

The remaining term values are then derived in the usual way from the com- 
binations in which they appear, with the results shown in the lower part of 
Table I1.* 

It should be noted that two successive Rydberg terms have been identified 
for 38,, °P’’’, 3D’, and *D. Formule for these terms may accordingly be com- 
puted for purposes of extrapolation. Thus, we find 

mS,' = 4R/[m + 0-465402 + 0-177780/m}? 
m*®P/" = 4R/[m + 0-918807 + 0-087336/m]* 
m*®D,' = 4R/[m + 0-543799 — 0-156426/m}* 
m*®D, = 4R/[m + 0-915447 + 0-014760/m}? 

The correcting terms in these formule are quite small, and if this be also 
true of the sequences of which only one term has been identified, roughly approxi- 
mate values of additional terms may be derived by the calculation of simple 
Rydberg formule. Thus 

m®P = 4R/[m + 0-536663)? 
m Fy’ = 4R/[m + 0-899230/7 

Terms which have been calculated from the formule are included in Table 
IT, where they are enclosed in square brackets. Combinations involving such 
computed terms, however, have not been traced, and it is evident that they 
must either be absent or very faint. 

The formula for m %P is of particular interest because the deepest of all the 


* If R,, (=109737) be preferred to Ry (= 109678-3) all the term values should be 
increased by about 4 units. 


: 
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terms is expected to be of this type. The formula gives for the first term of 
this sequence (m = 1) the value 185,780, as first pointed out by Laporte. This 
suggests the occurrence of a multiplet 1 *P),. — 1 °P’,,, inthe neighbourhood of 
y 96,000 and a triplet 1 ?P,,, —11P,’ in close proximity, since 11P’ and 1 3P’ 
are but slightly different in value (see later). Bowen and Millikan* have 
already assigned a triplet to N IT, on the ground of its separations and position 
in the spectrum, namely, according to the more recent measures of Bowen and 


Ingram :— 


A v Ay 
916-690 (4) 109088 - 1 
§3°9 
915-986 (4) 109172-0 
416-6 
915-595 (3) 109218 -6 


‘Tf this be taken as 1 °P,,. — 11P,’, the value of 1 *P, would be 198,876, and 
the corresponding ionisation potential would be 24-5 volts, in close agreement 
with the 24 volts estimated from stellar spectra. 

There are, however, no indications in the published lists of nitrogen lines in 
this region, or in our own plates, of such an adjacent multiplet as would be 
expected. The photographs of this region given by Hopfield and Leifson} 
also give no indications of such a multiplet. The above identification of the 
1°P,,.—1P triplet is consequently very doubtful; the multiplet would, indeed, 
be expected to be more intense than the triplet, as in the case of the multiplet 
1 3P’ jo — 2 2P oo and the adjacent triplet 11P’ — 2 *Pog (near 44640). It is, 
in fact, very doubtful whether there is actually a triplet of N Il in the position 
given by Millikan and Bowen. Our own plates of vacuum tube spectra, both 
with strong and weak discharges, show only two lines, apparently agreeing in 
position with the two more refrangible members of the supposed triplet. Further, 
Hopfield and Leifson, who also used vacuum tubes, have similarly tabulated 
only these two lines [A 916-03 (2), 915-59 (3)]. It may be, therefore, that the 
2916-69 component of the supposed triplet is really a line special to the “hot 
spark ” conditions under which Millikan and Bowen’s photographs were taken. 

Further investigations of the spectrum in the region beyond 2 830 (v 120480) 
thus appear to be necessary before final conclusions can be reached with regard 
to the deepest terms. From the available evidence, it would seem that the 


‘ A) | / la T° eff ‘ThE é at | (Thali nRmli+tchnrwtnNnam nral nnyi~— | =~ XY / if } 
oOaded fro! oy a | y il HY .OLry/sy OF ( VIdV ZUZ. 


D Q UW 7. ] 


* * Phys. Rev.,’ vol. 24, p. 221 (1924). 7 
+ R. H. Fowler and E. A. Milne, ‘ Monthly Notices R.A.S., 
t ‘ Astrophys, Journ.,’ vol. 58, p. 59 (1023). 


vol, 84, p. 499 (1924). 
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1 §P— 1 1P’ and 1 ®P —1 3P’ lines lie beyond this limit and that the value of 
1 5P is greater than 210420 (=120480 + 89940) ; that is, the ionisation potential 
must be greater than 26 volts.* 


Triplet Combinations. 


The combinations arising from terms of the triplet system due to the changing 
orbits of a single electron are shown in Table III. The table includes the com- 
binations noted in the previous paper, but some of the wave-lengths have been ; 
revised, and repetition is also necessary on account of the amended notation. 

The terms are uniformly arranged in increasing order from left to right, and 





in decreasing order downwards in each group of similar type. Wave-numbers 
enclosed in brackets are computed values. Inverted terms are indicated by 
the negative signs of Av. 

On account of experimental difficulties, arising partly from the long exposures 
required for vacuum tubes with instruments of large dispersion, and partly 
from the instability of some of the wave-lengths, there are slight differences 
in the values of the same terms derived from different combinations. The 
values deduced from the sets of measures judged to be the most trustworthy 


Table I11.—Triplet Combinations. 























Term Values igh Pog ig I Combinations 
| = 89769 -37 136-36  89905-73 31:60  89937-33 : 
i 
2°*P, = 68273-32 ° 21632-41 (7) 
35°25 35*26 
2°P, = 68238-07 21531-30 (8) 136-36  21667-66(6) 31-60  21699-26(7 1 sp’ — 23P 
1 
58+ 37 58+ 37 58+ 37 
2*P, = 68179-70 21589-67 (10) 136-36  21726-03 (8) 
1*D,’ = 72324-22 17445 +14 (2) 136-40 17581 - 54 (6) 31°56 17613-10 (6) 
60°78 60-82 60-72 
1°D,/ = 72263-44 17505-96 (6) 136-30 —17642-26 (8) 1°P* — 13)’ 
96-19 96-16 
1*D,’ = 72167°25 17602 +12 (10) 
2°D,’* = 36131-76 [53637 - 6] [53774-0) 53807+7 (3) 
50-92 
2°D,’ = 36080-84 53689+2 (2) 137+] 53826-3 (3) 1°p’ — 28D’ 
96°20 96-8 
25D,’ = 35984-64 53786-0 (5) 
1*S,' = 69953-66 19815-91 (8) 136+ 35 19952 -06 (6) 31°62 19983 -68 (2) 1 sp’ — 1 88’ 
238,’ = 35313-9 54455°5 (1) 136-2 54591-7 (0) 317-9 54623-6(00) | 1°P’ — 2387 





* Term values adopted from 1 3k” — 24p’, 


* See Addendum. 
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Table I1I—(continued). 
1 8D,’ 15D,’ 12D.’ . 
m Values. 72167 +25 96-19  72263-44 60-78  72324-22 Combinations. 
= 51408-32 20855-09 (2) 60-85  20915-94 (4) 
24-07 24-09 24-04 
5138425 20783-00 (2) 96-18  20879-18(5) 60-80  20939-98(2) | 15D’—15D 
30°35 30-24 30-38 
51353 -90 20813°34(6) 96-22  20909-56 (2) 
= 28006-05 [436565] $48717-0 (4) 
waa 743589-°9 (2) +43683-8 (3) [43743 -8] 15D’ — 25D 
— 28544-80 43622°8 (2) $43717-0 (4) 
a ca ae en ee a tan ee 
= 42305 -52 30018+70 (2) 
51°63 51-67 
= 42253-89 30009-52 (3) 60-85 30070-37(2) | 18D’ —25P’ 
119-07 119-20 
42134-82 30032-34 (4) 96-38 30128-72 (2) (30189-4] 
24633-2 47691-0 (2) 
45°9 46-4 
24587 +3 47676-7 (8) 60-7  47787-4 (2) | 13D’ —3°P’ 
127°5 127-5 
— 24459-8 477068 (6) 97:4 47804-2 (3) [47864 -4] 
Nh cle: ned bt A A A. Seo es TE 
— §2334-32 19832-76 (0) 96-36  19929-12(5) 60-80 19989-92 (7) 
59-42 59-57 59-45 
— 52274-90 19892-33 (6) 96°24 — 19988-57 (8) 1°p’ — 13 
81°55 81-87 
52193 -35 19973-90 (10) 
eosin hi el Ae Sean ae ne Seen 
— 49988-67 22178-65 (3) 96-04  22274-69 (0) [22335 +55] 
—51-79 51°77 
— 49936-88 99326:46 (2) 60-98  22387-44(0) | 1*D’—1°P’” 
—28+10 28-00 
49908 -78 22415-44 (1) 


* Term values adopted from 2*P — 2*D. 
+ Superposed on lines of 2*°P — 3 *P”. 
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Table I11—(continued). 












Term Values. o's = es Rit Combinatis 
68179-70 58°37 68238 -07 35°28 68273 -32 
15D, == 51408-40 1671-27 (0) 58-39 ~—-16829-66 (2) 35-29 ~——-16864-95 (4) 
24-01 24-06 24-00 
1°D, = 51384-39 16795-33 (3) 58-33 —-:16853-66 (7) 23P — 1 ap 
30-32 30-30 
1°D, = 51354-07 16825 -63 (8) 
2°D, = 28606-9 (39572-7] 39631-1 (1) 35-3 — 39666-4 (2) P 
26-5 26-7 ) 
23D, = 28580-4 39509-1 (1) 58-7 ~~ 89657-8 (3) 2p _ 23H 
35-6 35-8 7 
23), = 28544-8 39634-9 (4) | 
LS | sacantastepesacesl 
27P,’ = 42305-59 25932 -48 (2) t 
51°74 51-89 
2%P,’ = 42253-84 25925-81 (3) 58°56 25984 +37 (3) 35-03 26019+40 (3) 2*P — 2*P°s 
119-40 119-42 119-28 
2393p’ — 49134-44 26045-23 (5) «58-42 -—-26103-65 (3) 
33P/ = 24635-3 43602-8 (1) 
45-7 45-9 
3°P,’ = 24589-6 43589-9 (2) 58-8 43648-7 (1) 35-1 43683-8 (3) 25P — 3°P’ 
126-7 127-1 126°3 
33P,’ = 24462-9 43717-0 (4) 58-0 4775-0 (2) 
A EIR ONS ii ak I A i Paves nd 1M MN A te) AS 
1°P,’” = 49988-71 18191-00 (5) 58+35 18249 -35 (2) 
—51-80 51-79 51-81 
1°P,’” = 49936-91 18242-79 (3) 58+ 37 18301 -16 (3) 35+25 18336-41 (2) 2%*p — ] *p’” 
—28-05 28-05 
1°P,’” = 49908-86 18329-21 (2) 
2°P,’" = 28141-53 40038-0 (4) 587 40096-7 (0) 
—45-77 ° 45-8 45-9 
23P,” — 28095-76 40083-8 (1) 58-8 40142-6 (2) 34-8 40177-4 (0) | 22p—23p 
—25+29 25-0 
23p,” — 28070-47 40167-6 (1) 


ee ee ee 
eee ee ee eee ee 


Be 1 3p.’ L°RY LR,’ ee 
Term Values, 5219335 81-55 52274-90 59-42 2334-32 Combinations, 
SS eh SE te ES ST 
2°D,’ — 36131-76 16202 -56 (1) 
50-92 - 50-74 
2°D,’ — 36080-84 1619406 (3) 59-2 «6253-3 (0) | 13K” — 23D’ 
. 96-20 96-3 
22D.’ — 35984-64 16208-71 (4) 81-7 —-:16290-4 (0) [16349-8] 


2 NE ee 





19S,’ — 35P,’ = 45489-9 (2) 
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Table I1]—(continued). 
§ 1*D, 1°D 1"D 
rm Values. 51353-98 30-24 1384-32 24-04 — 51408-36 Combinations. 
—_ Sets) x [15252] *15274+2 (0) 
+ = sar Or *15274-2 (0) 15302-7 (1) 15327-8 (0) | 14D —23p 
96: 
),’ = 35984-64 15368°8 (2) 15399-3 (0) 
* Used twice. 
3S’ 8P’ Combinations. 
(1 3S,’ = 69953 -66; 2 98,’ = 35313-9.) 
1°P,’ — 148,’ = 19815-71 (8) 198,’ — 19P,’” = 19965-22 (7) 
136-35 —51-80 
1 °P,’ — 148, = 19952-06 (6) 148,’ — 1 8P,’”” = 20017-02 (6) 
31-62 , —28-02 
1 5P,’ — 14S,’ = 19983-68 (2) 138,’ — 1 8P,’” = 20045-04 (4) 
1®P,’ — 238,’ = 54455-5 (1) 
1 5p,’ — 238,’ = 54591-7 (0) 
15P,’ — 238,’ = 54623-6 (00) 
138,’ — 25P,’ = 27647-94 (1) 188,’ — 29P,/" = 41812-5 (2) 
51-99 —416°5 
188,’ — 2 °P,’ = 27699-93 (2) 138,’ — 25P,’" = 41859-0 (1) 
119-41 —25-8 
13S,’ — 23P,’ = 27819-34 (3) 188,’ — 25P,’” = 41884-8 (0) 
198,’ — 3°P,’ = [ : | 
148,’ — 3°P,’ = 45363-6 (1) 138,’— 18D, = 18569-0 (0) 
126-3 


a es eeccnnss 


* Masked by a line at 45314-7 (3). 


have usually been adopted, but, other things being equal, the means of the 
different values have been taken. Thus, in Table IIL the adopted values of 
the terms are given at the top and on the left for each combination, while the 
observed values are given for the corresponding lines. ‘The agreement between 
the observed and calculated values is, in general, very satisfactory, except for 
some of the fainter lines in the far ultra-violet, where special difficulties are met 
with in the choice of standards, and errors of measurement are greatly magnified 


in conversion to wave-numbers. 
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Singlet Terms. 


Although there are several strong lines which evidently do not form part of 
multiplets, the identification of the singlet terms is much more difficult and 
uncertain than that of the triplets, for which indications are furnished by the 
recurrence of separations. The expected 1*P,’ term, however, appears to be 
certainly indicated by its combinations with 1 °D‘,»,2 Po). and 1°S,’ to which 
attention was directed in the previous paper, namely 


11P,’ — 13D,’ = 17333-95 (3) 11P,’ = 89658-18 
60-74 

11P,’ — 13D,’ = 17394-69 (4) 1P,' = 89658-13 

11P,’ — 23P, = 21384-50 (2) 11P,’ = 89657-82 
35+28 

1P,’ — 23P, = 21419-78 (2) 11P,’ = 89657-85 
58-49 

1p,’ — 23P, = 21478-27 (2) 11P,’ = 89657-82 


11P,’ — 138,’ = 19704-39 (3) 11P,’ = 89657 -82 


Mean  112P,' = 89657-96 


The value thus deduced for 1 #P,’ is of the expected order of magnitude (that 
is, not very different from 1 *P), and no other term would be appropriate to all 
the combinations observed. 

Other singlet terms are indicated by the occurrence of certain strong pairs of 
lines having the separation 1 *P,’ —11P,'; thatis Av = 89905-73 — 89657 -96 
= 247-77. In association with two ofthese pairs there are other lines showing 
a separation of 237-7 from the second members of the pairs. Particulars of 
these lines, with the suggested singlet terms which give rise to them, are as 
follows :— 


(13P,’ = 89905-73) 11P,’ = 89657-96 

15422 -92 (8) = 1p’ — 2 oi 

247-65 21D,’ = 74235-10 
15670-57 (5) = 1%P,’ — 210,’ 

237-71 
15908 -28 (3) = 11P, —11P,” 
25024 +27 (10) = 11P/ —1'1Pp, 

247-61 hh 1P,/ = 64633-77 
25271 -88 (6) = 13P,’—1'1P, 

237-62 


25509-50 (6) = 21D,’—1P/” 11P,'"” = 48725-55 
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29085 -46 (6) = 13P’ — 315" } 

247-71 2 18, , a % 
29333-17 (3) = 19p/ — 21g. } 60572-53 
*57213-0 (8) = 11g" — 19p/ 

sale 118,’ = 147118-8 
*57460-9 (5) = 118,' — 11P/ } 0 


While this assignment of terms should perhaps be regarded as provisional, 
the correlation with the corresponding theoretical terms may be considered 
satisfactory. The identification of the 1 'P,’ term seems to be beyond question, 
and evidence in favour of the suggested identification of 21D,’ is afforded by its 
combinations with 1 #F’ and 1°D. Thus 





1 §¥,’ = 52274-90 1 $F,’ = 52334-32 13D, = 51384-32 
Caled. 21960-20 21900-78 22850-78 
Obsd. 21959-82 (5n) 21900-74 (1) 22850-74 (0) 


— oe -—sti— 
—_ +——- —- ——_— 


These combinations would not be appropriate to either 1 1P,; or 2458,’, which 
belong to the same group of levels arising from the electron configuration 
(2,3,). It will be observed that the suggested 2 1D,’ term is larger than either 
© of the 1 *D’ or 2 8P terms of the same group, and would accordingly not follow 


che. ¢ > ae on 16 May 2021 


= the more general rule that a term of greatest multiplicity is the deepest of a 
‘group. Extrapolation by a Rydberg table gives 1D,’ about 214,000, while 
¢ the extrapolated value of 1 *P is considerably smaller. There are, however, 
= theoretical reasons for supposing that 1*P must be the deepest term of the 
"9 spectrum, and it is probable that these simple extrapolations do not lead to the 
3 correct relative values of the deepest terms. A small negative correcting term 
"a (say, 0-012/m) in the formula for 'D,’, and a somewhat larger negative term 
- (say, 0-236/m) in that for =P, would suffice to make both 1 *P and 1 *D,’ larger 
than 214000, with 1 93P > 13D’. There would be nothing unusual in such cor- 
recting terms, but, as already pointed out, the question as to which is actually 
the deepest term of the spectrum cannot be settled until more detailed observa- 

tions have been made in the region beyond A 830. 
In the assignment of the 1 'P, and 24S,’ terms, Hund’s rule for the deeper 


* From Bowen and Ingram’s measures. 
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term was applied in the first instance. Adopting 2 489’ = 60572-5, a simple 
Rydberg extrapolation gives 1 19’ = 146060, which at once indicates the strong 
pair of lines at 57213-0, 57460-9 as 17S,’ —1 *P,’ and 1 *S,’ — 1 *P,’ respec- 
tively. The 48,’ terms may accordingly be represented by the formula 

m8,’ = 4R/[m + 0-655626 + 0-071230/m/? 


which is again remarkable for the small value of the correcting term. Extra- 





polation by this formula gives 3 4S,’ = 32406-6, but the corresponding com- 
binations with 11P,’ and 1 3P,’ have not been found. 

So far as the above observed combinations are involved, 248,’ might have 
been interchanged with 11P,. But if 1 +P, (= 64634) were to be taken as 2 18,’, 
the extrapolated value of the deepest term of this type would be about 170000, 
and a pair of lines with separation 247-7 would have been expected in the region 
about v 80000. The fact that no such lines have been observed, although well 
within the range of observation, is strong evidence that the 248,’ and 11P, 
terms have been correctly allocated. 

The 11?P’” term indicated above has been chosen as such in consideration of 
its appropriate magnitude. 

Attention should be directed to the fact that in the above scheme, some of 
the combinations which are possible according to the familiar selection rules 
do not appearin the spectrum. Thus, there are no indications of 1 °P,’ — 21D,’, 
or of 1 SP,’ —1/P,, 1 ?P,’—1P,. Corresponding lines in the analogous 
spectrum of Sil are also weak or missing. While this may throw some doubt 
on the identification of the singlet terms in question, there is apparently no other 
evidence of the existence of such terms as theory indicates. 

Other combinations involving singlet terms already mentioned are as follows : 

1 38,’ — 14P,/" = 21227-98 (1) 
17P, — 13P,'” = 15908-28 (3) 

Additional combinations were identified by trial of extrapolated values, 

namely 
23S, — 23P,’ = 19585-30 (2) 
27D,’ — 21P;’ = 33247-67 a}s 1p,’ = 40987 -42 
11P, — 2%P,’ = 23646-16 (3) 

Two other possible combinations, suggested by a consideration of the probable 
magnitudes of the 11K,’ and 11D, terms are as follows :— 

24D,’ — 11F,’ = 22067-08 (5) 13F,’ = 52168-02 ? 
21D,’ — 11D, = 22480-60 (10) 12D, = 51754-502 


Numerous singlets remain unidentified. 
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Double Electron Transitions. 


Groups of lines, or multiplets, have been found in which the separations have 
nothing in common with those of the terms already considered. It does not 
- seem possible that these can form part of the theoretical scheme of terms due 
_ to the changing orbit of a single electron, and it is probable that they are to 
be attributed to simultaneous transitions of two electrons. The theoretical 
predictions for some of the terms which may arise in this way are shown in 


Table IV. 
























= o . ’ 

QI Table [V.—Predicted Terms for Double Transitions. 

i 

S K L M N Estimated 
= 1. |2,3.| 3, 3 35 | 4 Terms, relative 
oO values, 
5 

eee.| 2 2 (3,3,) | as’ 0 
~~ 

po2|2 |11 (3,3,) | @°P’, oP’ —~ 20000 
bo 

“oh 2/2 1 1 (3,35) | aD’, aD’ — 42000 
+ 2 |2 1 1 | (3,4,) | 548’, a8’ — 50000 
re 2/2 2 (3.32) | @°P, aD”, a8” — 42000 
po. 

Eee | 2 11 (3,35)| aE’, a"D, a3P”, a'F’, aD, a'P’”’ | — 64000 
Ro) 

5 2\2 2 (3,3,) | @3F, a3P”, a'G’, a'D”’’”, alg” — 86000 
z 

ae) 

> 

© 


The terms are dashed or undashed so as to conform with the selection rules 
‘a for possible combinations with the terms of Table IJ. The first term of each 
E class is indicated by the prefix a and the secondby 6. a'1S’, 448’ and a 18", 
= for example, are the first of three different sequences of 18’ terms, while a 18’, 


/r 


= 54S’ are successive members of the same sequence. 

‘2 As no intercombinations with the previous set of terms have been found, the 

S values of the above terms cannot yet be stated with any precision. Roughly 

i= approximate estimates of the differences between the different groups, however, 

A may possibly be deduced from the values of the terms already known, and such 
estimates may be of use in indicating the parts of the spectrum in which com- 
bination groups of lines may be expected. For example, as shown in Table ITI, 
the configuration 2, 33 gives the 1 °D’ group of terms, while 2, 3, gives the group 
beginning with 1 3K’ ; so that, taking rough means, the work required to con- 
vert the 3, electron to 3, is represented by 70,000 — 50,000 = 20,000. Similarly, 
referring to Table IV, the configurations 3, 59 and 3, 3, give the a °P’ and a ®D’ 
groups respectively, and if the work required for the change from 5, to 5, 
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were the same as in the previous case, we should have a *P’ — aD’ of the order 
of 20000. On account of the reduced screening effect of the 3, electron as 
compared with the 2,, however, this difference would be increased, say to 
22000. Other differences for the term groups have been estimated in a similar 
manner. 

In view of the uncertainty with regard to the 1 °P term, no attempt has been 
made to estimate the actual values of the double-transition terms. The esti- 
mated relative values given in the last column of Table IV are accordingly 
referred to a 48‘ taken as zero. These will serve equally well in attempts to 
correlate observed multiplets with the theoretical terms. [Bowen's value for 
1 ®P (see Addendum) suggests that a 4S’ may be of the order of — 80000.] 

Three multiplets which are inter-related are shown in Table V, with the 
types of terms suggested by the above considerations. Besides these, there is 
a fairly strong isolated multiplet of rather nebulous lines begmning at A 2897 
(v = 34502), and probably another beginning at A 4073 (v = 24544): these 
have been named A and B respectively for convenience of reference. 


Table V.—Double Transition Multiplets. 


—_—— - oe 


a ®P,’ a P,’ a *P,’ 
—25759- 10 56-23 —25815-13 70-63 —25885-74 
aS,‘ =—50000-00*| —-24240-90 (1) 56-03 24184-87(2) 70-61 24114-26 (3) 





* Assumed relative value. 


a 








a*D,’ a*D,’ a*D,’ 
— 43946 -53 53-89 —43892 - 64 43-13 —43849-51 
a *P,’ =—25759-10 | 18090 -41 (2) 
56+ 23 56°23 
a*P,’ =—25815-13 18077 -29 (4) 43°11 18034-18 (3) 
70-63 70°59 70-67 
a*P,’ =—25885-74 L8060 +57 (5) 53°87 18006-70 (3) 43°19 17963-51L (0) 
a °F,’ = —63173-80 19227-17 (00) 53-99 19281 -16 (2) 43°23 19324 -39 (2) 
33°73 33-74 33°82 
a*F,’ = —63207-53 19260 -91 (2) 54-07 19314-98 (3) 
40-52 40-61 
a*F,’ =—63248-05 19301 -52 (5) 
Multiplet A. 
34648-9 (6) 
91-1 
34557-8 (4) 157-5 34715°3 (4) 
55-3 b4-4 


34502°5 (3) 158-4 34660-9 (2) 79-4 34740 +3 (2) 
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Table V—(continued). 
Multiplet B. 
24737 -39 (5) 
192-59 
24544-80 (2) 230-82 24775 -62 (4) 


1:77 
24723°85 (3) 107-17 24831-03 (3) 


ADDENDUM. 













_ Since the foregoing account of our work was completed, an important paper 
Son the extreme ultra-violet spectra of carbon, nitrogen, oxygen, and fluorine 
, has been published by 8S. I. Bowen, of Prof. Millikan’s Laboratory, at Pasa. 
‘S'dena.* The work of Dr. Bowen is remarkable for the high resolution and 
“ precision of wave-lengths which have been attained in this difficult region, 
= and for the classification of many of the lines of the elements in question at 
s)different stages of ionisation. In the case of N IJ, Dr. Bowen has amended the 
a values of the 1 *P’ terms (3 & P in his notation), and thence of some of the remain- 
.S ing terms, in the manner already explained in the present communication, 


“ 


.4 and has identified the deep 1 *P (a P) terms through their combination with 


3! 3P’. Thus, adopting the values of 1 °P’ from Table II, in place of 93000 
Pmassigned to 1 8P, by Bowen, the multiplet 1 *P — 1 *P’ is as follows :— 


se .| 


oO 
oS 
foe) 
a) 
fe) 
= 
a 
= 
= 
& 
qq 
ne) 
a) 
3 
(@ 
Ss 
5 


© Bowen's a P+ 1 *P, 1P, 1 3P, 
; 238716 84 238800 50 238850 
[1°Pe = 89937-3 148858 (2) 
ante ; 31-6 . 29 F 
app ~13Pi’ = 89905-7 148804 (2) 83 148887 (1) 148943 (3) 
136-3 139 138 
13P,’ = 89769-4 | *148943 (3) 149025 (2) 





* Used twice. 


The term 1 3P is thus shown to be greater than 210000, as we had anticipated, 
€ and although somewhat greater than expected, there can be little doubt that 
© the term has been correctly identified. As already pointed out, the triplet 
1 8P — 11P’ wouldalso be expected near the above multiplet, but this does not 
appear in Bowen’s list, which, however, only includes lines classified by him. 
In the discussion of his observations, Bowen has shown the importance of 
a group of terms which arises when one of the 2, electrons is displaced to @ 2, 
orbit ; that is (omitting the K electrons), from the configuration (2,) (23)*, or 





0 


* « Phys. Rev.,’ vol. 29, p. 231 (Feb. 1927). 
3B 2 
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! 


sp* in the notation adopted by Bowen. For this configuration the theoretical 
terms, distinguished by the prefix 6, are 


1p, *D, "8, °F, °D; SS, 
or, in the notation of the present paper, 
Pp’, “D6; yD 7s: 


To avoid confusion, the prefix b of Bowen will be replaced by §. 

In addition to the combinations given by Bowen, a few others have been 
noted among the lines occurring in our list (Table I). One of them provides 
an interesting check on the values of the 8 *D terms, and thence of 1 ?P. One 
of Bowen’s multiplets may be constructed as follows, wave-numbers in square 
brackets being calculated from the known separations of the 2°P terms of 
Table Il :— 


Bowen's b D— B*D, B*°D B*D 


3 3 
146597°8 146597-0 —10-4  146607-4 
23P, — 68273-3 | 78324-5 (2) 
35-2 [35-2] 
Bowen'® 425P, = 68238-1 | [78359-7] [0-8]  78858-9 (3) 
58-4 58-4 58-4 
23P, — 68179-7 | [78418-1] [0-8]  [78417-3] [—10-4]  78427-7 (4) 


An additional multiplet from our own list of lines, taking values of 1 *D’ from 
Table Il, may similarly be represented as follows :— 


B*D, B*D, B*D, 
146595 -8 —0-5  146596-3 —10-6  146606-9 
13D,’ = 72324-2 | 74271-6(1) [—0-5] [74272-1] 
60-8 [60-8 [60-8] 
1°D,’ = 72263-4 | [74332-4] [—0-5]  74332-9(2) [—10-6] [74343-5] 
96-2 96-2 96-2 
13D,’ = 72167-2 [74429-1] [—10-6] 74439-7 (3) 


It will be seen that there is a close agreement between the two sets of values 
of 6 *D, and the mean values may accordingly be adopted, namely :— 


8 3D, = 146596-8 


Not resolve 
3D, — pie, gata 


—10+5 
8 *D. = 146607-2 


These terms may next be used to obtain another set of values of 1 °Po). 
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hrough the combination 1 °P — @*D. Using Bowen’s wave-numbers, with 
which our measures are in good agreement, the multiplet is as follows :— 





Bowen’s 6 D> B*D, B*D, B*D, 
146596 +7 0 146596 +7 —10-5  146607-2 
13P, = 238849-1 | 92252-4 (6) 
ate 49-6 [49-6] 
poy 13P, = 238799-5 | [92202-8] 92202 +8 (7) 
a 84-3 [84-3] 82-7 
13P, = 238715-2 | [92120-1] 92120-1(3) ~—13-7  92106-4 (8) 





The values of 1 *P thus obtained are in striking agreement with those derived 
directly from 1 3P — 1 $P’ and clearly indicate the great accuracy of Bowen's 





s measures, 

Bb Other combinations given by Bowen, using mean values for 1 °P, are as 
© follows :— 
ob 

= 

& 

2 Bowen's a P-> 1 *P, LSP, 1°P, 

tc 238715-6 S4-] 238799 -7 49-8 238849 -5 
o. 

= 

2 Bowen’s b S; 8°S,= 83721-4 | 154995-5(5) 82-7 155078-2(5) 48-8 155127-0 (4) 
5 $$ eee SPs ones 
5 ,. (13D, = 51408-4 | [187307-2] [187391 -3] (187441 +1] 
a whe Ay 19D, = 51384-3 | [187331-3] [187415-4] 
= 19D, = 51354-0 | [187361-6] tae 

= Observed 187368 (3) 187431 (3) 

™—S. 
n ee 
iy 

Sy 

2 The agreement between the calculated and observed values of 1 §P — 18D 
© is as good as can be expected in this part of the spectrum, where 1 Angstrém unit 
* represents about 360 units of wave-number. 

ss Another multiplet indicated by Bowen represents the combination 1 *P—6 Se 
= This involves the group of lines about 916, in which our own photographs of 
a the N II spectrum fail to show Bowen’s line at 4 916-698 (8) (v= 109087 -2). 
A Bowen’s classification of this group may be represented as follows : 


Bowen's a P-> 1 *P,.” 1 5P, 1 *P, 
238715 +6 84-1 238799 -7 49-8 — 238849-5 








BP,’ = 129625-0 LO9L7 i 7 (8) 
Bo , laste +O 
bP. i 8-2(6) 49-4  109217-6 (6) 


B#P,,’ = 129630-6 | 109087-2(8) 81:0 LOYLG 


———— al 
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The absence of the line 109087 from our N II spectrum throws considerable — 
doubt on this identification of the 6 *P’ terms, but some support is afforded by 
other combinations apparently involving %*P’ which are not included in 
Bowen’s list, namely :— 


B *P,’ B*P,,' 
129625 -0 —5°6 129630-6 
; ail 
23P, = 68273-3 [61357 -3] 
61355-0 (0) 
25P, = 68238-1 [61386 -9] [61392 -5] 
We FF - CS 
61386 -6 (1) 
23P, = 68179-7 [61450-9] 
61447-0 (1) 
13S,’ = 69953-7 [59671 -3) [59676 -9] 
S-- —- -  S 
59671-9 (5) 
13D,’ = 72324-2 [57300-8]* [57306 -4]* 
13D,’ = 72263-4 (57367 -2] 
57365-1 (2) 
1°D,’ = 72167-3 [57463-3]7 


* Masked by N I 57298-1. 
T Masked by N IT 57460-9. 


The calculated wave-numbers of possible lines are enclosed in square brackets, 
und it will be seen that there is a fair agreement with the observed values. It 
should be noted, however, that a singlet term, which might be @'P,’, would 
represent the observations almost equally well. Observations of these lines in 
higher orders of the grating will probably throw further light on the characters 
of the above multiplets. 


Summary. 


In continuation of a previous investigation of the spectrum of ionised nitrogen 
(N II), observations have been made over the range 6836 to 4830. Of 340 
lines recorded in this region, about one-half have now been classified ; and of 
the remaining lines more than 100 are very faint. The spectrum is built up 
from triplet and singlet terms, the absolute values of which have been deter- 
mined with the aid of a sequence of three ap’ _ 3p multiplets. 

The scheme of terms deduced from the Heisenberg-Hund theory of complex 
spectra has greatly facilitated the analysis of the spectrum, and the results are 
in excellent agreement with the theory. Of the 19 deepest terms predicted 
by the theory for transitions of a single electron, complex terms being counted 


Fowler and Freeman, 
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as one, all but one have been identified. The term 1*P, recently identified by 
Bowen from a multiplet at 4 671, is probably the deepest, its value being 238850, 
corresponding to an ionisation potential of 29-5 volts. 

A few multiplets which appear in the spectrum are attributed to double 
electron transitions. 


The authors are indebted to Mr. E. W. H. Selwyn for some excellent photo- 
graphs taken with the vacuum spectrograph, and to Mr. R. H. Fowler and 
Mr. D. R. Hartree for valuable guidance on certain theoretical questions. 
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DESCRIPTION OF PLATES 47 and 48. 


TE 47.—This is intended to give a general view of the spectrum of N II between A 6600 
and 43900. The photographs were taken with a glass spectrograph of moderate dis- 
persion. It should be noted that the short lines at the bottom of the first strip repre- 
sent a comparison spectrum of iron. Lines due to N III or to a slight impurity of 
oyxgen are indicated, as are also the weak bands due to nitrogen (6). 

-PiatE 48.—(a, 6) Nitrogen vacuum tube, quartz spectrograph, A 3900—A 2300. Weak 

discharge, favouring development of NII. (c) Nitrogen tube, vacuum spectrograph, 

d 2200-A 1650; Ist order only. Shows some lines of N ITI in addition to the lines of 
NII. (d) Nitrogen tube, \ 2200-\ 1650 in Ist order, and A 1100-A 825 in 2nd order. 
(ce) Same as (d), but with stronger discharge. (f) Enlargement of 2°P — 2 *D group 
d 2520-A 2524. (g) Group at d 5007, 3rd order 10-feet concave grating, showing resolu- 
tion of 45001. (hk) Enlargement of 2 °P — 1*D group, A 5928-A 5961, Ist order 10-feet 
grating. 


In 
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The Spectrum of Doubly Ionised Oxygen (O ILL). 


By A. Fowzer, D.Sc., F.R.S., Yarrow Research Professor of the Royal Society, 
Imperial College, South Kensington. 


(Received November 4, 1927.) 
Introductory. 


In continuation of previous investigations of the spectra of the lighterelements, 
the present paper gives an account of the spectrum of doubly ionised oxygen. 
The lines have been observed mainly with suitably strong discharges in vacuum 
tubes, and have been distinguished from those of O IT by the usual method of 
comparing the intensities of the lines under the action of different discharges. 
Most of the stronger lines have been measured with considerable accuracy on 
plates taken with a 10-ft. concave grating, or with a large quartz spectrograph. 
As was expected, the spectrum is generally similar to that of N II,* and the 
terms so far determined are in entire accordance with Hund’s theory. 


Notation. 


It has been found that the system of numeration used for the terms of N IT 
is not conveniently adaptable to certain other spectra, and in the present 
communication a modified form which seems likely to be of more general applica- 
tion, has been adopted. In particular, it has seemed desirable to assign the 
same prefix to all terms which arise from the same electron configuration. A 
convenient procedure, which has already been followed to some extent by 
others, is to use the orbital designation of the “ series electron” as a prefix, 
with small italic letters for electron orbits, as distinct from the capital letters 
used for terms. Thus, 3s *P, will indicate that the *P term in question is due 
to a configuration in which the series electron occupies a 3, orbit. Combination 
possibilities are then shown by the application of the ordinary selection rule for 
azimuthal quantum numbers to the electron symbols, in addition to the inner 
quantum number rule applicable to the term symbols. For example, a 2s1P, 
might combine with a 3p1P,, but not with a 3s1P, or 3d1D, term. In this way 
it becomes unnecessary to “dash” any of the term or electron symbols in 
connection with the simpler spectra. 

For complex spectra, combination possibilities can be sufficiently indicated 
by assigning undashed electron symbols to the principal family of terms, and 
* A. Fowler and L, J. Freeman, ‘ Roy. Soc. Proc.,’ A, vol. 114, p. 662 (1927). 

Z2 
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dashed symbols to other families, in accordance with the rules for electron 
transitions (Ak = + 1 for one electron and Ak = 0 or 2 for a second), When 
there are more than two families of terms, they may be distinguished by 
additional dashes to the electron symbols, an even number for what would 
otherwise be undashed terms, and an odd number for the remainder, in accord- 
ance with previous usage. 

When different sets of terms arise from a given configuration, but with different 
states of the ion or “ core,” terms of similar type in the same group may be 
distinguished by arbitrary numerical superscripts applied to the term symbols. 
For example, in the spectrum of OTT there are three 3d2D terms, each based 
upon a different state of the O IIT core, which may be *P,*D, or’S; these may 
be distinguished by retaining 3d7D for the term based upon *P (the deepest 
term of OTTIT), and writing 3d*D1, 3d*D* for the others, Such superscripts, 
of course, are not connected in any way with the combination properties of the 
terms. 

Rydberg sequences are naturally shown by such a succession of terms, for 
example, as 2s'P, 3s'P, 4s7?P. 


Predicted Terms of O III. 


The spectrum of O III may be considered as arising from the addition of an 
electron to an OTV core, which has five external electrons. This core is 
normally in the *P state (like the neutral atom of boron), and the addition of 
another electron generates a family of singlet and triplet terms, as shown in 
Table I. The prefixes for these terms, as already explained, are 2p, 3s, and 
so on. 

Table I.—Predicted Terms of O ITT. 





ee 





Terms 
1, 2) 2 3y 35 3s 4, 45 
2 2 1 | p [?7P} OTV core, 
2 2 2 | s? p* 2p sp Ip 3s 
2 > Pee l &p.s | 3s es 
2 2 1 lL ) sp.p| 3p 3p 3P 38 Ip Ip 1g 
2} 9 1 1 | | p.a| 3d 27 3) 8p iP 3p IP 
2 Te I S@p.s | 48 vf es 
2 2 1 | 1 | @p.p| 4p 7D sp 1D IP 3S 
2/12 | ep CP 2D 8P 8g]. OIVcore. 
2 


1 3 sp 2p’ 5s 5D 3p 38 1p 1p 
Other quintet, triplet and singlet terms. 
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There is a second family of terms, depending upon a state of the OIV core, 
in which one of the 2, electrons has already been displaced to a 2, orbit. This 
configuration (of O IV) yields the terms *P, *D, *P, *S, of which the first is the 
deepest, and the addition of the sixth electron gives rise to quintet, triplet, and 
singlet terms. These may be distinguished from terms of the first family 
by dashing the electron symbols, and intercombinations may then occur in 
accordance with the usual rules for dashed terms. The deepest of the terms of 
this second family are indicated in the last row of Table I. 

In Table I the electron configurations are shown in two different ways, the 
first of which needs no explanation. The second (column 5) is a convenient 
way of summarising the configuration which has been used by Russell and 
others. The two K, or 1,, electrons beig disregarded, since they do not 
contribute to the spectroscopic terms, the configuration of the electrons in 


gwe 


uncompleted shells is indicated by writing s for »,, p for my, and so on, the 
number of electrons of each type being shown by an appropriate superscript. 
When an electron is in an excited state, the corresponding orbit symbol is 
separated from the others by a dot. Thus s* p.s, in the table, means that 
two of the electrons in the uncompleted L shell are in 2, orbits, one in 2,, and 
the last in an excited », orbit. 

Term Values. 


The occurrence of triplets and multiplets made it comparatively easy to trace 
many of the triplet terms, and approximate values were assigned to them, in 
the first instance, by the application of a simple Rydberg formula to the two 3S 
terms which were early recognised. While the present work was awaiting the 
identification of singlet terms, most of the triplet terms and combinations 
were independently discovered and published by C. Mihul,* in complete agree- 
ment with the writer's results. Credit is solely due to M. Mihul, however, for 
the first identification of quintet terms. 

Intercombinations between singlet and triplet terms are much less con- 
spicuous than in the corresponding spectrum of N II, and were not very readily 
identified. A beginning was eventually made with the following pairs of lines, 
having separations already known in connection with triplet terms :— 


ap %D, — 3d 1P, = 30868 - 95 (5) 
3p ®D, — 3d IP, = 30732 -62 (3) 
3d1P, — 4p °D, = 41752-5 (5) 
3d*P, — 4p °D, = 41859-8 (1) 
* * Comptes Rendus,’ vol. 183, p. 1035 (1926); vol. 184, pp. 89, 874, 1055 (1927). 
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With the values of the triplet terms previously determined, these gave very 
closely accordant values for 3d?P,, and there could be little doubt that the 
identification was correct. Using the finally adopted values for the triplet terms 


(Table TT), it results that 
3d17P, = 119859 -28. 


Next, by comparison with N IT, it seemed probable that 3p1D, would be 
somewhat greater than 3p *D, and it was accordingly estimated that a strong 
combination with 3d1!P, would be found in a position v > 31000. The line 
33777 +60 (6) led to a value for 3p*D, which was subsequently justified by other 
appropriate combinations, including a very faint line representing an inter- 
combination. Thus :— 


3d1P, = 119859-28 3s 8P, = 177217-85 
33777 -60 (6) 3p1D. = 153636-88 
3p1D, = 153636-88 23580-97 


Observed 23581-1 (00) 


The term 3p*D, should combine with 3s'P,, giving a strong line of wave- 
number less than 3s°P — 3p'D,; 1t.e. < 23300. The only suitable line 
appears to be 17876-55 (6), and, adopting this, the value of 3s1P, is found as 
follows :— 


3p1D, = 153636-88 
17876 +55 (6) 
8s1P, = 171513-43 


This in turn would be expected to combine with 3p 18,, and the most probable 
representative 1s 25235-34 (8), giving 


3p 18, = 146278-09. 


Other singlet terms were provisionally identified in a similar manner by the 
selection of lines which led to values of appropriate magnitude for them. Con- 
firmatory combinations were found in some cases, and a general confirmation 
is afforded by comparison with the terms of N IT. 

An important contribution to the investigation has been made by I. 8. Bowen* 
by the classification of six singlets of O III observed by him in the extreme 
ultra-violet, namely, 


* ‘Phys. Rev.,’ vol. 29, p. 241 (1927). 









2 
< 
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Bowen A v Av 
aS — bP p18, —2p’™P, 597-82(4) 167274 


22916 
aD'—bP 2p1D,—2p'!P, 525-79(6) 190190 

aS —3kP 2p4S,—3s'P, 434-91 (2) 2299334, 
aD —3kP 2p1D,—3s1P,  395-52(2) 252832 © 

aS — 3nP 2p18,—3d'P, 355-06(0) 281643 99919 


aD — 3nP 2p'D,—3d?P, 328-34(0) 304562 


Bowen did not assign values to any of these terms, but 3s1P, and 3d!P, 
having now been identified, the values of 2p *D,, 2p 1S, and 2p’ !P, can be deter- 
mined. It thus seems probable that the most accurate term values for the 
whole spectrum will be yielded by the sequence of three p*D, terms. These 
are represented with fair approximation by a simple Rydberg formula, but more 
accurately by the formula | 


p*D, = 9R/[m + 0-545336 — 0-019824/m)*, R = 109737, m = 1, 2, 3. 
This gives 
2p1D, = 424385, 3p'D, = 153637, 4p1D, = 78869. 


As the correcting term is so small, these values are unlikely to be much in error. 
They agree closely with those adopted in the first instance by the application of 
a simple Rydberg formula to the two °S terms. 

The 2p *P terms were derived in the first instance from the unresolved lines 
A 374-3 and 1305-7, indicated by Bowen as probably representing the com- 
binations of these terms with 3d °P and 3d*D respectively. If the unresolved 
lines be taken as the strongest components of the resulting multiplets, we have 


A v 
2p ®P, — 3s°P, = 374°3 267165; 3s°P, = 176961, 2p §P, = 444126, 
2p sP, — 3d 8D, = 305-7 327118; 3d°D, = 117243, 2p §P, = 444361. 


The value of 2p *P, thus indicated is about 20,000 units greater than that of 
2p*D,., in good agreement with the theoretical estimate of Fowler (R. H.) and 
Hartree,* and the identifications of the lines in question are probably correct. 

The separations 2p °P, — 2p °P, = 116, and 2p°P, — 2p °P, = 193, are 
given with considerable accuracy by combinations between these terms and 
those of the second family (2p’ terms), the values of which naturally follow in 
correct relation to those of the first family. Further support for the above 


* * Roy. Soc. Proc.,’ A, vol. 111, p. 91 (1926). 
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identifications is afforded by the probable combinations 2p’%P — 3p%D 
(2 658-4) and 2p °P — 3d ®P (2303-7) noted during the present investigation. 





Lines of O IIT in Gaseous Nebule. 


A possibility of evaluating the 2p °P terms with greater accuracy is opened up 
by Bowen’s recent important suggestion* that the two well-known green lines 
in the spectra of gaseous nebule may represent the irregular, or “ forbidden,”’ 
combinations 2p°P, — 2p1D,, 2p*°P, — 2p*D, of OTII. This possibility 
is strengthened by the occurrence of a nebular line ( 4362-54, the wave-number 
of which (22912-5) corresponds closely with the irregular combination 
2p1D,—2p48,. The somewhat similar assignment of other nebular lines to 
irregular combinations among the deeper terms of O ILand N IT increases the 
probability of Bowen’s suggestion being correct. It is therefore desirable to 
examine the consequences of adopting the suggested O ITI origins of the three 
nebular lines in question. 

If the interval 22913 indicated by ) 4362-54 be taken to represent the differ- 
ences between Bowen’s singlets noted above, it results that 


v. ‘Ay. 


2p 1D, = 424385 
22913 


The assignment of the green nebular lines to O ITI was based upon the fact 
that for these lines A vy = 193 is identical with 2p *P, — 2p °P, of O IIT, and 
assuming this to be correct, the 2p °P terms at once follow. Thus :— 


A v 
Nebular line 5006-84 19967-1 = 2p°P, — 2p?Dsg, 


. 4958-91  20160-1 = 2p 8P, — 2p4D,. 


With 2p1D, = 424385, already determined, and since 2p *P) — 2p *P, = 116, 
it results that 


2p ®P, = 444352; 2p 3P, = 444545; 2p ®P, = 444661. 


The value of 2p *P, thus determined is as close as can be expected to that 
derived from the unresolved lines 4 374-3 and 4 305-7, and even if the nebular 


* * Nature,’ vol. 120, p. 473 (Oct. 1, 1927); see also A. Fowler, ‘Nature,’ vol. 120, 
pp. 582 and 617 (October 22 and October 29). 





. 
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identifications are erroneous, it cannot be greatly in error. The values of the 
2p *P terms thus obtained with the aid of the nebular lines have accordingly 
been adopted in preference to those roughly indicated by unresolved multiplets 
in the extreme ultra-violet. 

If this be justified, it is of interest to note that the nebular lines may be 
utilised in this way for a calculation of the structures and positions, probably 
exact to about 0-001 A, of the unresolved multiplets 4374-3 and 2 305-7, 
as shown below :— 


el 





2p *P, 2p *P, 2p *P, 
444352 444545 444461 
339P, = 177336 267209 
\ 374-239 
3s9P, = 177218 267134 267327 267443 
\ 374-344 \ 374-074 \ 373-911 
368P, = 176961 267391 267584 «oh eR Ps, 
\ 373-984 \ 373-714 Qpaervesk. 4. ou S74°2 
3d*D, = 117366 326986 327179 327295 
d 305-824 d 305-643 d 305-535 
34°D, = 117317 327035 327228 
\ 305-778 \ 305-597 
3d°D, = 117243 327109 eer 
4 \ 305-708 Observed A = 305-7 


ee — ——EE 


The terms which have been determined as above described are collected in 
Table II. The notation of Bowen, and that adopted for N IT in the paper to 
which reference has been made, are indicated in order to facilitate comparisons. 
The quintet terms discovered by Mihul have not yet been found in combination 
with the triplets, and no attempt has been made to estimate their values. 

Most of the triplet, and all of the quintet combinations have already been 
set out by Mihul, and it is not considered necessary to repeat them, except in 
so far as they are shown in the catalogue which follows. 

The ionisation potential of O III as determined from the deepest °P term is 
54°88 volts. 
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Bowen. | NIL. 
a*P 14P 
aD 12D,’ 
a's 148," 
3k *P 1 §p’ 
3k iP 1 *P,’ 
3m*D | 24D,’ 
3m4D | 18D’ 
3m 4s 1 38,’ 
3m 4S, ” Be 
3m*P | 23P 
3m*tP 1p, 
ity,’ 
] 3h” 
3n4P 1p" 
3n *D 14p 
on *P 1 sp" 
14D, 


3ntD 


444661 
116 
444545 
193 
444352 
424385 
401472 
177336+21 
118-36 
177217-85 
256-94 
176960-91 
171513 -43 
153636 -88 
150728 +24 
136+ 34 
150591 +90 
220°06 
150371 °85 
147036 -00 
146278 -09 
144365 -29 
82°10 
144283 -19 
130+54 
144152 -65 
130792 +43 
120132 -09 
120131 -04 
195-+79 
119935 +26 
178° 16 
119757-+09 
119859 +28 
117365 -56 
49-24 
117316-32 
73°72 
117242-60 
115125 -52 
—114-00 
115011 -52 
—61+45 
114950 -07 
111816-4 


A. Fowler. 
Table II.—Terms of O ITT. 





Bowen. / NO, | 
4k 8p 2 sp’ 
4k'P 2 1p,’ 
4m*D | 34D,’ 
4m*D | 24D,’ 
4m3S | 235,’ 
4m38 318,’ 
4m*P | 33P 
4m*P | 2'P, 
b 5 BS 
58D B*D 
b 3p B*P’ 
bipP | a 
btD B*D 
b%s B*S 


4s *P, 
sp, 
"Ps 


2p" "Ss 
2p’ *Ds 
*Dys 
2p" *Pys 
ap, 
2p’ *P, 
2p’'D, 
2p’ *S, 


94857 
91712 ? 


78869 -6 
78106 -59 





107-10 
77999 +49 


74069°3 
72981 ? 





324633 
324605 
302277 
302261 
234197 


247572 


—16 
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Catalogue of O IIT Lines. 


The observations included in the present catalogue (Table III) extend from 
the red to 4 2228 in the ultra-violet. Other observations, extending to about 
2 820 are still under discussion in connection with the probable presence of 
lines representing higher stages of ionisation than OTII. It is possible, indeed, 
that some of the unclassified lines in the present list may be of this character, 
as the experimental evidence for the distinction is not very conclusive. 

The wave-lengths (in I.A.) and intensities are given in the first column, the 
wave-numbers (im vacuo) in the second, and the classification in the third. 
Lines enclosed in brackets have been calculated from multiplet structures. 
The position of the faint lines on the red side of 1 3962 have been determined 
only with small dispersion and should be regarded as approximate. Bowen’s 
classified lines in the extreme ultra-violet, with three additions, and Mihul’s 
quintet identifications have been included in the catalogue for the sake of 
completeness. 

It should be noted that there is evidence of instability of the wave-lengths 
of certain groups of lines, especially in the *D °F multiplets, and that conse- 
quently some of the tabulated wave-lengths are subject to revision by as much 
as 0-1 A. This question of variable wave-lengths in oxygen and certain other 
elements is under separate investigation. 


Table. ITI.—Catalogue and Classification of O III Lines. 








We lw 





= 
mn A, | v | Classification. A. v | Classification. 
ha 
aie 

92 +37 (6) 17876°55 | 3s4P,—3p2D, *4379-55(3n) | 22827-0 

8-11 (1) 18150-0 *4376-15 (In) | 22844+7 
d268-06 (2) 18977-0 | 3p1P,—3d'!D, 4239-5 (00) 23581-1 | 38°P,—3p1D, 
4569-50 (1n) | 21878-1 4177-8 (00) | 23929-3 
eet (0) 21946-3 4125-5 (00n) | 24232-7 

8-8 (On) | 22026-1 4081-10 (1) 24496-3 
4234-0 (On) | 22049-4 4073-90 (0) 24539 -6 

9-7 (00) | 22070-3 3971-2 (00) | 25774-2 

‘78 (In) | 22301-3 3961-59 (8) 25235-34 | 3d1P,—3p18, 

74:95 (In) | 22340-4 3951-82 (0) 25297 - 66 

70-9 (00n)| 22360-6 3935-0 (2n) | 25405-8 
4461-56 (1) 22407 -4 3869-1 (Inn) | 25838-5 
4458-44 (1n) | 22423-1 3816-75 (1) 26192 -60 
4454-00 (1m) | 22445-5 3810-96 (2) 26232-69 | 3s°P,—3p 5D, 
4440-1 (0) 22515°7 3791-26 (6) 26369-00 | 3s°P,—3p "D, 
4435-4 (00n) | 22539-6 3774-00 (6) 26489-59 | 3s°P,—3p"D, 
4434-43 (2m) | 22544-5 3759°87 (9) 26589-06 | 3s*P,—3p °D, 
4430-2 (00n) | 22566-0 3757-21 (5) 26607-96 | 3s°P,—3p *D, 

“3 (00m) | 22596-1 3754-67 (7) 26625-96 | 3s°P,—3p "D, 

4408-14 (ln) | 22679-0 3734-80 (1) 26767 -61 "D,— *Ps 
4389-3 (00n) | 22776-3 3733-20 (0) 26779-08 
4385-73 (0) 22794-8 3732-13 (1) 26786:76 | 3p *P,—3d*D, 


* Erroneously entered in list of O II lines (‘ Roy. Soc. Proc.,’ A, vol. 110, p. 481). 
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i 
3729-70 (1) 26804 -21 
3728-70 (1) 26811-40 
3725-30 (3) 26835 -87 
3721-95 (1) 26860 -02 
3720-86 (3) 26867 «89 
3719-82 (00) | 26875-40 
3715-08 (6) 26909 -69 
3714-50 (0) 26913 -90 
my 3714-03 (2) 26917-30 
3712-48 (2) | 26928-54 
NX 3709-52 (2) 26950-13 
> 3707 +24 (6) 26966 - 60 
> 3704-73 (3) 26984 -88 
3703-37 (5) 26994-77 
\© 3702-75 (5) | 26999-30 
“_, 3698- 70 (5) =, -27028-86 
S 3695-37 (4) | 2705822 
— 3653-00 (1) | 27367 -0 
60 3650- 70 (0) 27384-2 
5 3649-20(00) | 27395-5 
6023647-70(0) | 27406-8 
& 3646-84 (2) | 27413-2 
fe 3645-20 (1) | 27425-6 
“| 3638-70 (3) 27474 -5 
= 3556-92 (1) 28106-2 
& 3531-39 (0) 283094 
P3475 +26) [28766 -6] 
“© 3466-90 (0) 28835 -98 
8 3466-15 (2) 28842 -22 
a © 3464-20(I1n) | 28858-5 
"ad 3459-98 (2) | 28893-66 
3459-52 (0) 28897 -50 
= 3455-12 (5) | 28934-12 
= 3454-90 (2) | 28936-14 
A 3451 - -33(1) | 28966-07 
2345094 (4) | 28969-34 
[3448 -02] [28993 +7] 
3447 +22 (1) 29000 - 60 
© 3446-73 (2) | 29004-73 
E41 3444-10(5) | 29026-87 
o 3440-39 (4) 29058 -17 
-& 3435-42 (1) 29100-21 
S 3430-60 (4) 29141 -09 
© 3428-67 (3) 29157-50 
S 3427-41 (3x) 29168 -22 
3423-42 (1m) | 29202-21 
A 3415-29 (3) 29271 -72 
3411-74 (1) 29302-18 
3408-13 (1) 29333 +22 
3405-74 (2) 29353 -80 
3403-58 (1) 29372 -43 
3394-26 (1) 29453-08 
3384-95 (4) 29534-09 
3383-85 (2) 29543 -69 
3382-69 (3) 29553 «82 
3381-27 (0) 29566 -23 
3369-40 (00) | 29670-38 
3363-83 (1) 29719-51 


A. Fowler. 
Table I1J—(continued). 


Classification, 


3p *P,—3d De 
— 5p, 
‘Dp, — 5p, 


= 


3p *P,—3d *D, 


3p *P,—3d °P, 


3p *P,—3d 3P, 
3p *P,—3d *P, 
3p §P,—3d 8P, 


3p *P,—3d°P, 
3p *P,—3d 5P, 


3p *8,—3d *D, 
3p *S8,—3d*D, 


‘:p,— I, 


A. 


—— eel 


3362-38 (4) 
3355-92 (3) 
3350-99 (4) 
3350-68 (3) 
3348-05 (2) 
3344-26 (2) 
3340-74 (6) 
| 3336-78 (3) 
3333-00 (4) 
3332-49 (1) 
3330-40 (4) 
3326-16 (0) 
3312-30 (5) - 
3305-77 (0) 
3299-36 (3) 
3284-57 (4) 
3281-94 (3) 
3269-04 (0) 
3267-31 (5) 
3265-46 (10) 
3260 -98 (8) 
3258-77 (0) 
3257-20 (1) 
3254-50 (0) 
3252-94 (2) 
3238-57 (5) 
3207-67 (1) 
3200-95 (1) 
3132-86 (6) 
3121-71 (5) 
3115-73 (4) 
3088 04 (2) 
3084-76 (1) 
3059-30 (6) 
3047-13 (8) 
3043-02 (5) 
3035-43 (4) 
3034 +32 (0) 
3024-57 (4) 
3024-36 (1) 
3023-45 (5) 
3017-63 (5) 
3008-79 (3) 
3004-35 (4) 
2997-71 (2) 
2996-51 (3) 
2992-11 (2) 
2983-78 (9) 
2983 - 66 (1) 
2959-68 (5) 
2836-34 (4) 
2818-68 (1) 
2809-63 (3) 
2798-91 (1) 
2794-09 (2 
2756-22 (1 
2752-47 (0) 
2739-15 (0) 


a 
$a 


OO 
ee ————EEE 


{ Masked by O II. 


29732 -33 
29789 -56 
29833 -38 
29836 - 14 
29859 -58 
29893 -42 
29924 -91 


30614-76 
30656 «82 
30677 -61 
30692 +39 
30717 -86 
30732 -63 
30868 «95 
31166 -30 
31231-7383 
31910-50 
32024-47 
32085 -93 
32373 - 64 
32408 -05 
32677 «74 
32808 +25 
32852 -56 
32934-70 
3294675 
33052 +96 
33055 «25 
33065 -20 
33128-97 
33226 -30 
33275 -40 
33349-10 
33362 -46 
33411 +51 
33504°79 
33506 -13 
33777 +60 
35246 -36 
35467-+18 
35581 +42 
35717 -69 
35779 -30 
36270-9 

36320°3 

36496 «9 


Classification. 


*P,— sp,’ 


SP, — *P, , 
5p, 5p 


SP,—'P,’ 
35 *P,—3p 8, 

‘ager 9 ¥ 
5P,— sp,’ 
op, —5P,’ 

38 §P,—3p 3S, 
3p *D,—3d *F, 
3p *S, 
3p *D,—3d 3F, 
3p *D,—3d*F, 


3p *D,—30°F, 
3p sp, es 3d 5h, 
3p *D.—3d °F, 


38 *Py— 


3p *D,—3d'P, 
3p *D,—3d'?P, 


3p *8,—-3d 9P, 
3p *8,—3d 8P, 
Sp 38,—3d SP, 


33 °P,—3p *P, 

38°P,—3p ®P, 

3s °P,—3p *P, 

38 *P,—3p *P, 

3d*D ,—4p "D, 

38 3P _—3p ap. 

op 3p o—3d sD, 

_3p *P,. 
3p 83D ,—3d 7p, 
3p 3),—3d sp, 
3p *D,—3d*D, 
3p 2D, —3d*D, 
3p *D,—3d *D, 
3p *D,—3d *D, 

3p'D,—3d'F, 

3p ati esiet 

3p 'D,—3 

pee" 35 fp, —3d ®P, 


3p D,—3d 8P, 

re 58D, 3d sp, 

3p 3p),—3d ora 

3p *D,—3d *Py 
3p 1p,—3d *D, 
3p 1D,—3d 7D, 


3s ®P,— 










2735-14 (1) 
2726-95 (1) 
2713-40 (2) 





36550 -4 
36660 +2 
26843 +2 
36884 -4 
36904-8 
37011-7 
37081 -0 
37088 -0 
37125-9 
37142 +4 
37190-8 
37197+9 
37217-1 
37234 °6 
37251 -6 
37282 -6 
37332 -9 
37343 -0 
37378+1 
37442 -5 
37502 -6 
37560 +7 
38036 
38074 
38088 -39 
38113 
38122-8 
38155-1 
38173-8 
38200 -3 
38212 
38308 +76 
38370 +22 
38484 +23 
38497 -6 
38543 +1 
38624-9 
38701°3 
38737 +6 
38774-1 
38790 -6 
38806 -6 
38861 
38905 
38912 -3 





Classification. 





3d°P,—4p "D, 
3d sP,—4p sD, 


3d 3P,—4p sp, 


P,—'S, 


3d 3P,—4p 3D, 
P—'S, 
5p, —5S, 


3d sP,—4p ss, 
3d °P,—4p °8, 


3p *D,—4p *D, 
3p *D,—4p*D, 
3p *D,—4p *D, 
3p *D,—4p *D, 


3p 'p,—4p sD, 
3p *D,—4p *D, 


2529-36 (1) 
2517-36 (1) 
2516-11 (00) 
2512-41 (0) 
2507-73 (1) 
*2504-7 (O00n) 
2501-78 (00) 
2499 +22 (00) 
2493 +74 (1) 
2493 +37 (1) 
2492-2 (00n) 
2489-0 (00) 
2488-3 (00n) 
2485-27 (00) 
2483-24 (0) 
2482 -60 (0) 
2480-73 (1) 
2475-73 (00) 
2474-57 (0) 
2458-1 (00) 
2457-8 (00) 


2454-99 (8) 


2454-21 (0) 
2453 - 54 (2n) 
2451-91 (2n) 
2451-09 (On) 
2450 -06 (2n) 
2449-38 (2n) 
2448-21 (In) 
2446-92 (00) 
2441-72 (2n) 
244] -41 (00) 
2441-06 (2n) 
2438 «83 (Sw) 
2438 -05 (00) 
2434-96 (2n) 
2431 +69 (On) 
2429-65 (On) 
2429-35 (In) 
2426-94 (2n) 
2426-35 (On) 
2425-93 (2n) 
2422 +84 (5n) 
2421-2 (00n) 
2401-51 (On) 
2399-25 (On) 
2398 «97 (00n) 
2394-33 (5n) 
2390 -44 (Sn) 
2388 -20 (1) 
2383 +92 (6n) 
2382-32 (7n) 
2378-90 (4n) 
2372 -82 (2n) 


* Very diffuse. 






Spectrum of Doubly Ionised Oxygen (O ITI), 
Table [1[—(continued). 


39523 -8 
39712-2 
39730 -5 
39790 «4 
39864 -7 
39913 

39959 +5 
40000 -4 
40083 -3 
40094 -3 
40113 

40165 

40176 

40224 -9 
40257-8 
40268 -2 
40298 -7 
40379 -9 
40398 -8 
40670 

40674 


40721 -0 


40734-0 
40745>1 
40772 -2 
40785°8 
40803 -0 
40814°3 
40833 -8 
40855 «3 
40942 -3 
40947-5 


40953 -4 ¢ 


40990 -8 
41004 -0 
41056 -0 
41112-2 
41145-7 
41150-8 
41191-6 
41201-7 
41208-§ 
41261-3 
41289 

41627-8 
41667 -0 
41671-8 
41752 °6 
41820-5 
41859-8 
41934-9 
41963-1 
42023 -4 
42131-1 


5327 


Classification, 





3p *D,—4p"D, 


3d*D,—4p 38, 


3s1P,—3p?P, 


3d *P,—4p op, 


3d °P,—4p °P, 


3d°P,—4p°P, 
3d ‘P,—4p sp, 


3d*P,—4p'"D, 
3d *P,—4p *P, 


3d 1f',—4p 1p, 


3d/P,—4p *D, 
3p'D,—3d*D, 
3d'*P,—4p*D, 
3d *F,—4p *D, 
3d *F,—4p ®D, 
3d *F,—4p *b, 
3d *F,—4p *D, 


— sss ssl sss 
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A. Fowler. 


Table [1I—(continued). 


Classification. 


i ee 









2372-21 (3n) | 42142-0 | 3d°F;—4p"D, ; 
2345-02(On) | 42630°5 Observations by Bowen. 
2327-97 (In) | 42942-7 
2324-83(0n) | 43000-7 | OIL? 835-288 (9) | 119719-2 | 2p%P,—2p’ =D, 
2319-52 (2n) 430909-1 | 3p*D,—4p *P, 835-094 (3) 119747-0 | 2p *P,—2p’D,, 
2317-37(3n) | 43139-1 | 3p3D,—4p5P, 833-741 (8) | 119941-3 | 2p4P,—2p’2p,, 
2315-52 (4n) 43173-6 | 3p*D,—4p*P, 832-926 (7) 120058-7 | 2p°P,—2p’ 5D, 
2314:76(2n) | 43187-7 | 3p%D,—4p"P, 
2311-58 (2) 43247-1 | 3p*D,—4p*P, 703-853 (7) 142075-1 | 2p*P,—2p’sP,, 
2308-70(1n) | 43301-1 | OI? 702-898 (6) | 142268-2 | 2p%P,—2p’sp,, 
2306-04(00) | 43351-0 702-817 (6) | 142284-5 | 2p%P,—2p’ sp) 
2295-51 (00) | 43549°9 702-327 (6) | 142383-8 | 2p3%P,—2p’8P, 
2288-36 (00) | 43685-9 
2288-12(00) | 43690-5 *658-4 (0) | 151883 2p’ *P,—3p 5D, 
2287-21 (1n) | 43707-9 *644-159(6) | 155241 2p’ *P, .—3p 38,. Also O 
2285-66 (2n) | 43737-5 597-82 (4) | 167274 2p18,—2p"2P, 
2285:07(00n) | 43749 | 525-79 (6) | 190190 2p 1D,—2p' IP, 
2252-84 (On) | 443746 | 508-180 (6) | 196781 2p 3P,—2p’ 38, 
2228-15 (3n) | 44866-3 | S48E 47 Be 507-684 (5) | 196973 2p *P,—2p' 38, 
2132-50 (1) 46878 +5 3d2P,—4p'P,? || 507-384 (4) | 197089 2p *P,—2p’ 38, 
434-91 (2) | 229933 2p48,—3s!P, 
395-52 (2) | 252832 2p1D,—38!P, 
d vac. 374-3 (4) | 267165 2p *P—3s 3P | 
335-06 (0) | 281643 2p18,—3d1P, 
1916-48 (2) 52179 3p 9S,—48 5P, 328-34 (0) | 304562 2p1D,—3d'P, 
1907 -06 (1) 52437 3p *S,—48 *P, 305-7 (3) | 327118 2p *P—3d*D | 
1902-89(1) | 52552 | 3p°S,—4s*P, *303-7 (2) | 329272 | 2p%p—3asP | 
| 





* Suggested by present author. 


Comparison of 0 III with N I. 


It is of interest to compare the terms of O IIT with those of N II, as in Table 
IV, where the relations between the two are shown in the form of the ratios 
OT: NII. 

As regards the triplets, there is no ambiguity in the assignment of term types, 
and for these it will be seen that the ratios increase continuously from 1-862 
in the 2p level to a maximum slightly in excess of 2-25 (= 9R/4R) in the 3d 
level. The variations are similar to those found in corresponding comparisons 
of other spectra. For example, in comparing the doublet terms of Al IIT with 
those of Mg II,* it may be deduced that the ratios for the deepest s, p and d 
levels are 1-89, 2-05 and 2-28 respectively. 

In consequence of the absence of extended sequences, it is difficult to assign 
the types of singlet terms in complex spectra with the same certainty as for 
triplets. In the case of OTII, however, there can be little doubt as to the 
correct assignment of the p™D, terms, or of 3d1P,, and thence of 3d'D,. The 

* A, Fowler, ‘ Roy. Soc, Proc.,’ A, vol. 103, p. 427 (1923). 
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Table [V.—Comparison of Terms of O TIT and N II. 


O Il. | NI. | O Ill. | O III/N I. 
2p *P, 238849 444661 1-862 
2p1D, 293531 424385 1-899 
2738, 147119 401472 2-729 
38 °P, 89937 177336 1-972 
3s1P, 89658 171513 1-913 
21D,’ 3p 1D, 74235 153637 2-069 
1°D,’ 3p 8D, 72324 150728 2-084 
188,’ 3 38, 69954 147036 2-102 
218," 3p 3S, 60573 146278 2-415 
1'P, 3p1P, 64634 130792 2-023 
LIF,’ 34°F, 52168 120132 2-302 
138,’ 34°F, 52334 120131 2-296 
1p,” 3d1P 51755 119859 2-316 
18D, 3d8D, 51408 117365 2-285 
1 3p,” 3d 5P, 49909+ 115126+ 2-307 
12D, 34D, 48726 111816 2-294 
2°,’ 4s 5P, 42306 04484 2-234 
21. 481P, 40987 91712 ? 2-238 
31D,’ 4p 1D, #37045 ? 78869 2-129 
281), 4p *D, 36132 78107 2-162 
3 185/ 4p18 74993 ? 
33P, 4p 8P, #33035 74267 2-249 
31P, 4p1P, 72981 ? 


* Added to N IL in the course of the present investigation. 

+ Inverted terms. 
3p18, and 3p1P, terms might possibly be considered as interchangeable, but 
the apparent occurrence of 3p1P, — 3d 4D, (18977) is substantial support for 
the assignments adopted. The magnitudes of these terms are also in favour of 
the arrangement shown in the table, since 3p48, (146278) unites with 2p18, 
(401472) in a formula with a small correcting term, whereas the substitution of 
3p *P, (130792) for 3p18, would require a large correcting term. 

There is greater difficulty with regard to the singlets of N II, and the com- 
parision with O ITT suggests some modification of the original allocations. Thus, 
consideration of magnitudes suggests that 1*D, and 11P’” of N II should be 
interchanged, and since this is in no way inconsistent with the observed com- 
binations, these terms have been interchanged in Table [V. With this modi- 
fication, the ratios for the singlets are in reasonable agreement with those for 
triplets, except for 2p18, and 3p1S8,, which are notably discordant. An inter- 
change of 3p48, (60573) and 3p1P, (64634) would not entirely remove the 
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discordance, and would lead to an irregular combination 45, — 1D, for the line 
15908-28 (3). These terms have accordingly been left in their original form. 
The terms 2p'S, and 3p1S, of N II thus remain much smaller than would be 
expected from the comparison with O III, but they involve strong lines and no 
alternative term values have yet been found. 


Summary. 


The paper includes a catalogue of more than 300 lines attributed to O ITT, 
of which about one-half have been classified by the author and others. As was 
expected, the spectrum is generally similar to that of N IT, and the terms so far 
determined are in complete agreement with Hund’s theory. 

The assigned term values are based upon a sequence of three singlet D terms. 
The deepest term is of the type *P,, and for this the value 444661 has been deter- 
mined by adopting Bowen’s suggestion that the well-known green lines 4 5006-8, 
2 4958-9 in the spectra of gaseous nebule are due to irregular combinations of 
deep terms of OTII. The corresponding ionisation potential of O TIT is 54-88 
volts. 


The author desires to express his thanks to Mr. E, W. H. Selwyn, B.S8c., 
who, with the aid of a grant from the Department of Scientific and Industrial 
Research, has been able to give valuable assistance in the experimental work 
involved in the preparation of the foregoing paper. 
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(Received January 4, 1928.) 


Introductory. 


It is well known that in the region of observation extending from the red to 
2 2000 the spectrum of an ordinary carbon are shows only a single line, ) 2478. 
Merton and Johnson, however, have observed a considerable number of lines 
which they have attributed to the neutral atom of carbon in the spectrum of a 
vacuum tube containing a trace of an oxide of carbon in helium at 20 to 30 mm. 
pressure.* Another method of developing the lines of C I, in this case almost 
perfectly free from lines of C IT, has recently been described by J. W. Ryde.t 
In these experiments, a carbon are was fed with currents up to 250 amperes, 
the potential drop across the arc being 60 to 80 volts. Many of the lines 
assigned to CI by Merton and Johnson then appeared with great intensity, 
together with lines of N I, OI, and AI from the atmospheric gases, the lines 
in question being localised in a region near the negative pole of the are. 

With additional observations made during the present investigation, the 
spectrum of neutral carbon is now sufficiently well known to justify an attempt 
to extend the analysis of the spectrum, which has already been partially 
elucidated by Bowent from lines observed in the extreme ultra-violet. 


Experimental. 


Photographs of the spectrum of an oxide of carbon in helium, as in Merton 
and Johnson’s experiments, have been taken with the vacuum grating spectro- 
graph, covering the region 1250 to 22760 in the first order and 2 1250 to 
2 1380 in the second order. Some of the lines have also been photographed 
in higher orders with other sources. The effect of admixture with helium is 
to emphasise the known lines of C I with respect to those of C II which appear 
in company with them, and to introduce additional lines, of which many are 
probably due to CI. The lines which remain after eliminating bands of 


* * Roy. Soc. Proc.,’ A, vol. 103, p. 384 (1923); vol. 108, p. 343 (1925). 
Tt ° Roy. Soc. Proc.,’ A, vol. 117, p. 164 (1927). 
t ‘ Phys. Rev.,’ vol. 29, p. 238 (1927). 
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carbon* and lines of oxygen, mercury, nitrogen, and ionised carbon, and 
omitting those which appear in the list of classified lines (Table VI), are shown in 
Table I. 

Table [.—Unelassified Lines in Helium-Carbon. 


Merton 
and A. v. A. v. A Vv. 
Johnson. 
2665-24 (On) 37509 2385-85(1) 41901 1361-27(1) 73461 
2664-48 (On) 37520 2268-50(2) 44068 1359-42 (1) 73561 
2663-04 (1) 37540 2042:24(2) 48950 1357:21(1) 73681 
2661-7 (0) 2661-90 (1) 37556 2005-0 (0) 49859 1331-83 (1) 75085 
2660-3 (1) 2660-33 (1) 37578 A vac. 1321-77 (1) 75656 
2658-50 (0) 37604 1993-65 (2) 50159 1313-50 (1) 76132 
2639°42 (0) 37876 1765-4 (0) 56644 1311-36 (2) 76257 
2602-90 (0) 38407 1764-0 (0) 66689 1283-11(1) 77936 
2592-30(On) 38564 1481-75 (5) 67487 1280-75 (2) 78079 
2582-9 (2) 2582-85 (1) 38705 1472-3 (0) 67920 1280-33 (3) 78105 
2567-7 (0) 2567°78(0) 38932 1470-20(1) 68018 1279-85 (1) 78134 
2515-15 (1) 39747 1468-5 (0) 68097 1279-17 (2) 78176 
2439-6 (0) 40978 1467-48 (3) 68144 
2413-9 (0) 41414 1364-20 (2) 73303 


Several of the brighter lines of C I in Merton and Johnson’s list were noted as 
rather feeble lines in the spectra of ordinary carbon dioxide vacuum tubes 
photographed some years ago. It has since been found that these lines can 
be obtained quite prominently, and comparable in intensity with many of the 
lines of C II, by merely raising the pressure of the gas to about 20mm. _ All but 
the very faint lines of Merton and Johnson’s list in the region » 4740-2 6600 
have been observed by this method. The CI spectrum under these con- 
ditions would seem to resemble that obtained by Ryde’s high-current arc more 
closely than that given by the helium-carbon vacuum tube, as, for example, 
in the absence of the lines 42 4758-78 and 4757-59. 

Results similar to those of Ryde, but excluding some of the fainter lines, 
have been obtained with currents much smaller than those employed by him. 
Thus, it was found that while the lines in question could not be seen at all 
with the ordinary currents of 5 to 10 amperes on a 110-volt circuit, they appeared 
with considerable intensity in the neighbourhood of the negative pole when the 
current was increased to 15 or 20 amperes. The lines so obtained are in excellent 
agreement with those tabulated by Ryde. By the use of the valuable neo- 
cyanine plates of the Eastman-Kodak Company, this method has been utilised 

* Some of these carbon bands could only be distinguished from lines by comparison with 
other plates in which the band spectrum was more strongly developed (cf. Jevons, 
* Phil. Mag.,’ vol. 47, p. 586 (1924) ). 

D2 
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to extend the observations as far as , 10120 in the near infra-red, and the lines 
which have been observed, other than those listed by Ryde, are shown in 
Table II. As the dispersion employed was about 100 A. per millimetre, no 
great accuracy can be claimed for the tabulated wave-lengths. 


Table I].—Infra-Red Lines of Carbon Arc. 


A. | v. Remarks. 





10119 (0) 9880 Possibly CI. See Table V. 
9661 (0 10348 : 
9623 to) 10389 Av suggests CI. See Table IV. 
9407 (2) 10627 Probably CI. See Table V. 
9394 (0) 10642 
9264-7 (0) 10790 +7 O I (Paschen). 
9190-6 10877 -7 
9170-2 10901-9 
9142-1 109354 Ay suggests N I. 
9111-4 10972 +2 
9094-5 10992 -7 
9088-5 10999 -9 CI multiplet. See Table IV. 
9078-1 11012-5 
9061-8 11032-3 

*8336-4 11992 -3 Carbon line. 





* Occurs in Ryde’s list of lines of unknown origin. Other lines of nitrogen and oxygen fall 
between A 9061 and A 8336. 


The conspicuous multiplet beginning with 49111 and the singlet 2 8336 
have been proved to be due to carbon by their observation in the spectrum of 
carbon dioxide and their absence from the spectrum of oxygen. The origins 
of other lines are somewhat uncertain, as the vacuum-tube observations were 
not successful beyond 49111. It is possible, however, that the pair of lines 
Ad 9661, 9623 and the lines 1 10119, 9407 are due to C I, as they yield values 
of the order expected for terms of this spectrum. 

The poles used in the experiments on the arc spectrum were rods of Acheson 
graphite, and were practically free from impurities. It was found convenient 
to use thin or sharply pointed carbon poles in order to localise the stream in 
which the CI lines appeared. 

In connection with the foregoing observations, it is important to note that the 
spectrum of the ordinary carbon arc, with small current, in so far as it is repre- 
sented by an are in an atmosphere of nitrogen, has been found to show the 
principal lines of C I in the region more refrangible than 2 2000, including the 
strong line at 21931. These lines also occur, together with lines of CII, in 
the spectra of the carbon vacuum arc, vacuum tubes containing carbon com- 
pounds, and the * hot spark” of carbon investigated by Millikan and Bowen. 
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Tt thus appears that all the ordinary sources yield lines of C [ which arise from 
combinations of the deeper terms of the spectrum, and that special methods 
only become necessary for the excitation of lines due to combinations of terms 
representing higher energy levels. The observations of the arc recall those of 
A. 8. King,* who similarly found that mm metallic arcs with currents of about 
1000 amperes there was an increased development of lines of the neutral atom 
due to higher terms, while lines due to ionised atoms were not notably modified. 


Predicted Terms. 


The terms of CI predicted by the Heisenberg-Hund theory are similar to 
those for N IIt and O III} and are shown in Table III. The notation is on 
the system adopted for OIII, terms in each row being prefixed by the n, 
designation of the corresponding orbit of the series electron. Under ordinary 
circumstances, combinations betweea terms on different rows are regulated by 
the familiar rules, applicable in this notation to the electron symbols, and by the 
rule for inner quantum numbers as applied to the term symbols. Dashes are 
applicable to the electron symbols alone, and only become necessary when 
there is more than one family of terms. In the case of CI the need for dis- 
tinguishing terms of similar type on the same row does not arise. Other singlet, 
triplet and quintet terms appear when one of the three 2, electrons represented 
in the last row of the table is removed to successively higher orbits. 


Table I11.—Predicted Terms of C I. 





























L M N Electrons 
in 
unclosed | Terms. 
2; 25 31 3, 35 4, 4, 4, groups. | 
i 722 
2 | 2 2 3? p* 29) *P =D, We 
2 a 2 1 Sp. 3 se =P 
2|/ 21 1 ooo bap te spe apotagurap, ap, . xg 
2/21 1 sp.d|3d| °F *D 3P 47, 1D, ?P, 
aoe eee EE Ee ) ok 
2 2 | 1 | stp.s | 4s | *P IP 
2,31 l | #P.p 4p 7 *P % 1D, 'P, 3S, 
2 Zi ) 1 | ae ae) SF ep = TF SD AP 
sp | P| 5 'D 3P 38 ID, ?P, 


to 
— 
eo 





* * Astrophys. J.,’ vol. 62, p. 238 (1925). 
+ A. Fowler and L. J. Freeman, * Roy. Soc. Proc.,’ A, vol. 114, p. 672 (1927). 
t A. Fowler, ‘ Roy. Soc. Proc.,” A, vol. 117, p. 317 (1928). 
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Combinations involving some of the deeper terms have already been identified 
by Bowen, namely, 2p%P —2p'3P, 2p3P —2p’*D, 2p*P — 3s PP. in 
addition, he has suggested that a partially resolved line at 1277 represents 
2p 3P — 3d 3D, and, by assuming that 3d°D has one-quarter of its value for 
N II, finds a probable value of 91300 for 2p*P. Bowen has found confirmation 
of the two pp’ combinations in the fact that they follow the irregular doublet 
law when compared with corresponding combinations of N II, O III and F IV. 
Comparison with O III and N II (Table VII) also shows that the magnitudes 
of the p’ terms are inappropriate for the main family of terms. 


Triplet Combinations. 

The four triplet combinations identified by Bowen, with one addition, are 
shown in the first part of Table IV. The 2p*P — 3d°D multiplet has been 
resolved into two components, and the table indicates a provisional attempt 
to show the structure of this group, the separation *"D, — *D, being merely 
estimated. A similar attempt has been made to represent the structure of the 
other multiplets. : 

The second part of Table IV shows the probable combinations with the second 
deepest triplet term, 3s*P. These include all the 3p and 4p triplet terms except 
3p °D, which probably gives a group of lines in the infra-red just beyond the 
limit of the present photographs. Two lines observed in this region at 4 9661 
and } 9623, approximately, have been taken to represent the first two lines of 
the triplet 3s°P —3p%S; they have only been photographed in the high- 
current arc in air, and there is no independent evidence of their carbon origin. 
The resulting value of 3p 48, however, is of the magnitude expected. 

It is of interest to note that the 3d*P term is inverted, exactly as the corre- 
sponding terms of OII] and NII. It may also be remarked that Merton and 
Johnson’s lines, .4 4758 and 4757, which were not found by Ryde, do not form 
part of the multiplet 3s P — 4p 8P. 

Three p *P terms are available for the calculation of triplet term values. The 
computed formula for these is 


p *P, = R/[m + 0-719265 — 0-616474/m]?_ R= 109737; m=], 2, 3, 


giving 2p °P, = 90230, 3p *P, = 18878, 4p °P, = 8888. The correcting term, 
however, is so large that the formula cannot be relied upon to give closely 
approximate values. The formula for the sequence of three singlet p1D terms, 
on the other hand, involves a very small correcting term, and the calculated 
values are much more likely to be near the true values. A similar result was 
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Table I1V.—Triplet Combinations. 





2p *P, 2p*P, 2p §P, 
90975 -0 27-5 = 910025 14:8  91017-3 
3s5P, = 30686-0 60316-5 (2) 
20-0 20-1 
3s9P, = 30666-0 60308-9(2) 27-7  60336-6(2) 13-1  *60849-7 (3) 
40-1 40-8 40-0 
33°P, = 30625-9 *60349-7(3) 26-9 60376+6 (2) 
2p’3D, = 26929-1 64045 -9 (5) 
—2-1 
2p’*D, = 26927-0 (64048 -0] 64075-5 (4) 
—1°3 
2p'*D, = 26925-7 [64049 -3] [64076 -8] 64091 -6 (3) 
2p’ 3P,., = 15763-5 75211-6(4) 27-3 75238-9(4) 14-8  75253-7 (3) 
3d°D, =[12714-5] [78260] [78288] [78303] 
[5-0] 
3d°D, = 12709-5 [78265] 78293 (1) 
9-5 
3d°D, = 12700-0 78275 (2) 
3d3P, = 11709 79266 (2) [79293] 
—10 
3d°P, = 11699 [79276] 79303 (1) 15 79318 (0) 
[—4] 
3d°P, =[11694] [79308] 
3s°P, 3s 5P, 3s 3P, 
30625 -9 40:0  30666-0 20-0  30686-0 
3p *D Out of range. 
3p°S,° = 20278? 10348 41 10389 
3p*P, = 19666-1 10999 -9 (1) 
12-5 12-6 
3p"*P, = 19653-6 10972-2(1) 40-3 11012-5(1) 19-8  *11032-3 (4) 
20-4 20°5 19-8 
3p°P, = 19633-2 10992:7(4) 40-1 *11032-3 (4) 
4p*D, = 10833-5 [19792 -5] [19832 -5] 19852 -5 (0) 
7:0 
4p*D, = 10826-5 [19799 -5] 19839-5 (3) 
29-8 
4p°D, = 10796-7 19829 -2 (3) 
4p3S, = 9913-7 20712-2(1) 40:4 20752-6(1) 19-4 +20772-0(1) 
4p*P, = 9707-5 20958 +5 (2) 
14-5 14-8 
4p°*P, = 9693-0 20932-7(3) 40-6  20973-3(2) 18-6 *20991-9 (4) 
18-0 18-2 18-6 
4p"P, = 9675-0 20950-9(4) 41-0 *20991-9 (4) 





* Used twice. + Occurs in Ryde’s list of unknown lines, 
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found for the corresponding terms of O III, and the calculated singlet terms 
have accordingly been adopted. Since no intercombinations of singlets and 
triplets have yet been recognised, the triplet terms have been adjusted so as to 
give triplet and singlet terms in the same order as in O UJ and NII. From 
the comparative list of term values in Table VII, it will be seen that the 3d 
terms of each type show only small variations in the three spectra, and the value 
12700 assigned to 3d%D, (or 12714-5 to 3d°D,) cannot be greatly in error. 
It is to be understood, however, that the triplet and singlet terms have not yet 
been brought into exact relation with each other. 

Numbers enclosed in square brackets represent calculated wave-numbers 
of lines forming parts of multiplets, or term values which have merely been 
estimated. 

Singlets. 

The classification of singlets in C I presents considerable difficulties, because 
there are no extended series and many of the expected lines must occur either 
in the near infra-red or in the Schumann region. Some of the lines, however, 
can be classified with considerable certainty from a general consideration of the 
predicted terms in relation to the already known terms of NII and OTII. 
Thus, there can be no doubt that the strong lines 4 2478 and  1931* represent 
218, —3s'P, and 2p*D, — 3s!P,. respectively, since these combinations 
should give the strongest of all the singlets. The three brightest lines in the 
visible spectrum, 4 5380, 5052, 4932, can also be classified with almost equal 
certainty. Again, the interval between the lines 41751 and 21459 appears 
to be the same as that between 2p*D, and 2p 4S, and would seem to justify 
the identification of the common combining term as 3d'P,. 

The terms 2p'D, and 4p1D, having been determined from some of these 
lines, an approximate value for 3p"D, could be derived by interpolation. This 
suggested the line 9407 (v = 10627) as 3p1D, — 3d 'P,, and assuming this 
to be correct, a sequence of three p'D, terms became available for a more 
precise determination of singlet term values, to replace those which had been 
provisionally adopted. The calculated formula is 


p*'D, = R/[m + 0-168835 — 0-007117/m]? R= 109737; m—=—1, 2, 3. 
This gives 2p'D, = 81311-5, and other singlet terms have been determined, 


* Millikan and Bowen have assigned \ 1931 to C III (‘ Phys. Rev.,’ vol. 26, p. 316 (1925)), 
but this is altogether in contradiction with the experimental evidence, since this line occurs 
in the ordinary arc in air, where neither C II nor C II lines are present. There is another 
line, however, at A 1923 which appears under strong discharges, and is doubtless the C III 
line anticipated by Millikan and Bowen. 
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with this as a basis, from the combinations shown in Table V. The more 
doubtful term identifications are distingushed by a ? mark. 








Table V.—Singlets of C I. 

2p*D, 2p So 33*P, 3p*D, 3p'S,  3p'P, 

81312 11452 69860 29526 23406 ? 2 19646 ? 
3s'P, = 29526 | 51786(10) 11452 40334 (10) ae + * * © 498801 
3d1F, = 129792 68333 (5) a aaadls a 
3d’P, = 12779 | 68533(3) 117452 57081 (5) —- | +10627(3) * * * * 
3d'°D, = 114141 —— ——, | Sls ()  —— 
4s'P, 
4p'D, = 10945 a = 18581 (8) Scent NOSED tua 
4p'S, = 9738 sie nse Wei) SS, 
4p'P, = 9256 — — 20270(5)| —- — a. ok 
4d°¥, — rem Nd sn) seed 
4d'P, = 74752| 73837 (1) 62379 (3) 
4d'D, —_ wiih — 


+ Used for calculation of 3p'D,,. 
t Used for calculation of 3p'P,. 
§ Used for calculation of 3d?D,. 
* * Out of range. 
Not expected. 





As will appear from the blank spaces where lines might be expected, further 
progress in the identification of terms must depend largely upon the possibility 
of extending the observations farther into the infra-red, and of obtaining more 
complete development of the C [ lines in the Schumann region. 


List of Classified Lines. 


The lines which have been classified, in some cases merely tentatively, are 
included in Table VI. In view of the disturbances of wave-lengths in the high- 
current arc, Merton and Johnson’s vacuum-tube wave-lengths have been 
adopted in preference to those of Ryde for the region 4 5380 to 42478. The 
wave-lengths for which no authorities are quoted in the footnotes have been 
determined in the course of the present investigation. 
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Table VI.—Classified Lines of C I. 
A air. | Vv. | Classification. A vac, | V. | Classification. 
10119 9880 | 3s1P,—3p P, ? 
9661 10348 | 38°P,—3p 88, 7 [1931-027 (10)| 51785-9 | 2p1D,—3s1P, 
9623 10389 ~—| 383P,—3p 38, ? 1751-90 (5) | 57080-9 | 2p18,—3d1P, 
9407 10627 3p 'D,—3dP, 
9111-4 (2) 109722 | 3s8P,—3p ®P, §1658-13(2) | 60308-9 | 2p*P,—3s2P, 
9094-5 (5) 10992:7 | 3s*P,—3p °P, $1657-92 (2) | 60316-5 | 3p%P,—3s4P, 
9088-5 (1) 10999-9 | 3s*P,—3p°P, §1657-37 (2) | 60336-6 | 2p%P,—3sP, 
9078-1 (1) 11012-5 | 3°9P,—3psP, §1657-01 (3) 0349-74 Son" sete 
a 1 
a S| 38°P,—3p *P §1656-27 (2) | 60376-6 | 2p3P.—3s3P 
9061-8 (4) 11032 3{ 38 °P) 3p 2p. ee : 
8336-4 (5) 11992-3 3p 1D,—3d 1D, ? 
1603-10 (3) | 62879-1 2p1g,—4d} 
"5380-242 (8) | 18581-37 | 3s1P,—4p 1D, I edie 
52-122 (6) | 19788-16 | 3°1P,—4p18 §1561-381 (5) | 64045-9 | 2p3P,—2p’3p 
*5041-66 (3) | 19829-2 38°P,—4p*D,_ || §1560-660 (4) | 64075-5 | 2p *P'—2y’aD: 
*5039-05 (3) | 19839-5 33°P,—4p*D, || §1560-267(3) | 64091-6 | 2p3P,—2p’3D 
*5035-75(0) | 19852-5 33*P,—4p "D, : 
*4932-00(5) | 20270-1 | 3s1P,—4p'P, 1463-43 (5) | 68332-6 2p1D,—3d1] 
1459-15 (3) | 68533-0 2p1D,—3d2] 
*4826-73(1) | 20712-2 | 3s%P,—4p38 1354-34(1) | 73836- 1D, —4d2 
*4817-33 (1) | 20752-6 | 388P’—4pas° Mt el 2 Pa 
+4812-84(1) | 20772-0 | 3e8P,—4p3s, §1329-583 (4) | 75211-6 | 2p%P,—2p’ sp 
§1329-100 (4) | 75238-9 | 2p9P,—2p’sP 
*4775-87(3) | 20932-7 | 39%P,—4p4P 1328-839 . 3p _9)/3 
4771-72 (4) | 20950-9 35°Pi— 4p 8p ; 1), |  TOESS | ane 
770-00 (2) | 20958-5 | 3s9P,—4p3P 1277-54 (3) | 782 2p *P,—3d2 
*4766-62(2) | 20973-3 | 3¢9P\—4p 3p, 1277-26 (2) 78203 3p ap 3a i 
*4762-41 (4) 20991 -9 pt Nae ped 
3s °P,—4p ®P, 1261-57 (2) | 79266 | 2p *P,—3d*P, 
Be : 10-99(1) | 79303 | 2p9P.—3a3p 
*2478-525 (10) | 40334-39 | 2p18,—361P, 1260-75 (0) | 79318 | 2»8pi—3apt 


Merton and Johnson. 


Ryde, notin Merton and Johnson's list. 
Bowen and Ingram (*‘ Phys. Rev.,’ vol, 28, 


Comparison with N II and O ITT. 


. 445 (1926) ), 
Bowen (* Phys. Rev.,’ vol. 29, p. 238 (1927) ), " 


A close similarity between the spectra of C I, N II and O IIT is to be expected 
from the general theory, since the three atoms are similarly constituted. Each 
has six external electrons, but the nuclear charge is 6 for CI, 7 for NII and 8 
for OTII. A general comparison of the terms of the three spectra is given in 
Table VII, those of O III having been divided by 9 and those of NII by 4. 


The triplet separations of O III and N IT have been similarly reduced for easier 
comparison with those of C T. 
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Table VII.—Terms of O III, N II and CI. 


43 





O II1/9. 


49406°58 
49393 -9 
49372-1 
47153°9 
44608 -0 


19704: 


0 
19690 -9 
19662 +3 

0 


19057 - 


17070-8 
16747-6 
16732 +4 
16708 -0 
16337-3 
16253-1 


16040 -6 
16031 +5 
16017-0 


13421-4 7 


13348 -0 
13347 -9 
13326°1 
13306 -3 
13317-7 
13040 +6 
130351 
13027 -0 


Av /9. 


28- 


co 


NIi/4. 


59712 -25 
59699 -7 
59678 -7 
55882 +7 


*(36779-7] 


22484 - 
22476- 
22442 


nA © » oe 


22414 


18558 - 


8 
18081-0 
18065 -6 

8 


18041 - 
17489 


*115143-1] 


17068 
17059 
17044 
16158- 


oS -F- OA 


13042 - 
13083 - 
13068 - 
13048 - 


ao wo ss 


12938 - 
12852-1 
128461 
12838 -°5 


Av /4. 


7°9 
54°1 


15-4 
23-8 


8°38 


14-9 
20-4 


6-0 


* Identifications somewhat doubtful. 
+ Estimated by probable dy. 


Cl. 


91017-3 
91002 -5 
90975 -0 
81312 
69860 


30686 -0 
30666 -O0 
30625 -9 
29526 


23406 


Av. 


20-0 
40-1 


Out of range. 


20746 ? 


19666 -1 
19653 -6 
19633 -2 


12979 ? 


12779 


+[12715] 


12-5 
20-4 
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3d*P, 
ap, 
‘Pp, 
3d'D, 


42*P, 
*?, 
3p, 
4s'P, 


4p'D, 
4p °D, 
Dp, 
3D, 
4p *S, 
4p*S, 
tp *P, 
3p, 
3p, 
ap *P, 


2p’*D, 
2p’ *P,, 
2p'1P, 
we 
2p''D, 


2p" *S, 


A. Fowler and E. W. H. Selwyn. 


Table VII—(continued). 


OL/9. Av/9. 


12791-7 
—12-6 

12779+1 
—6-9 

12772 -2 


12424-0 


10190-2 ? 


8763-3 
8678-5 

11-9 
8666 +6 

23-0 
8643-6 
8515-7 
8332-5 ? 
8251-9 
8242-0 
8229-9 


8109 ? 


36070 
33586 


20930 


N II/4. 


12497 -+2 
12484-2 
12477 -2 
12181-4 


10576: 
10563 ° 
10533 - 


eo Aa of 


10246: 


9261 ? 
9032-9 
9020: 


to 


8996 - 


to 


8828-5 


8258-9 
8251 - 


to 


8239: 


to 


36652 
32408 


: 
27508 
| 


* Estimated by probable 4y, 
{ Previous identification in O IIT considered doubtful. 


Ap /4. 


—13-0 
—7-0 


12- 


Ci. Av. 


11709 


—10-0 


11699 
[—5- 


*[11694] 


11414? 


10945 

10833 -5 
10826 -5 
10796 -7 
9913-7 
9738 

9707-5 
9693 -O 
9675-0 
9256 


26731 
15565 


0] 


A periect correlation of the terms is scarcely possible, because for each 
spectrum the values have been obtained by the use of a formula which is only 
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approximate. The term values for O III and CI have been determined from 
a sequence of three singlet p1D terms in each case, and those for N II from a 
sequence of three s°P terms. A recomputation for N II, using a third p'D 
term which has since been identified, merely increases all the term values by 
about 18 units, which may be considered negligible. In all these formule, 
however, the correcting terms to the Rydberg formula are very small, so that 
the tabulated values for the three spectra are unlikely to be much in error 
relatively to each other. 

A regular progression in most of the term values in passing from O IIT to CI 
is clearly shown in the table. In particular it will be observed that the 3d 
terms vary very slightly in the three spectra and that this fact justifies the 
adoption of 12700 as an approximate value for 3d*D, in CI, on which the 
values of the remaining triplet terms of this spectrum have been based. This 
value clearly cannot be much in error, but since intercombinations of triplets 
and singlets have not been identified in C I, the triplet and singlet term values 
are not necessarily correct with respect to each other in this spectrum. The 
adoption of this value, however, results m giving the terms of C I in the same 
order of magnitude as those of the other two spectra. 

The p*S, terms of N II, as already noted in a previous comparison with 
O ITI,* are very discordant. Interpolation of 2p18, between OTIII and CI, 
with the aid of the “ irregular doublet ” law, suggests a value of about 206000 
(= 51500 when divided by 4), but no support for.this can be found in the 
observations of NII. This term should combine strongly with 3s1P,, and 
produce a line near ) 862, but no line has been observed in this position. At the 
same time, the 3s1P, term may be considered to be well established, because it 
combines with 2p1D,, as deduced from the nebular spectrum, to give a line at 
746-9, and the adopted value of 2p1D, is itself supported by an observed 
combination with 3d1D,, as determined from the laboratory spectrum. Thus, 
adopting Bowen’s suggestion that the separation of two red nebular lines is 
identical with 2p *P, — 2p 3P, of N IT, and identifying these lines as 2p °P,, — 
2p'D,. we have 


From laboratory observations. | Nebular lines. Supposed combinations. 
A v 
2p ®P, = 238799 6548-1 15267-4 2p °P, — 2p'D, 
2p *P, = 238715 6585-6 15184°8 2p §P, — 2p1D, 


therefore 2p91D, = 223531. 
* * Roy, Soc. Proc.,’ A, vol. 117, p. 317 (1928). 
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The value of 21D, thus determined is strongly supported by the following 
combinations :— 








2p1D, = 223531 2p1D, = 223531 
(Lab.) 3s?P, = 89658 (Lab.) 3d7D, = 51754 
Cale. lime = 133873 Calc. line = 171777 

= 746-98 = 2582-15 

Obs. line = A 746-97 Obs. line = (4582-16 


Thus, there can be little doubt that the 3s1P, term of N IT has been correctly 
determined, and, for the present, the 2p1S, and 3p148, terms of this spectrum 
must be regarded as anomalous. ‘The corresponding terms of O IIT and CT, 
however, appear to be normal. 

Another way of comparing the terms of the three spectra, which is more 
useful in some respects, 1s by the application of the “ irregular doublet ” law, 
which has been so successfully utilised by Millikan and Bowen for the identifica- 
tion of lines observed by them in the extreme ultra-violet. For similarly 
constituted atoms this law takes the form, for spectroscopic terms, 


VIR =- (2 — 9), 
} 


where T represents a term, R the Rydberg constant, » the principal quantum 
number, Z the atomic number, and s the screening constant, which is not very 
different for corresponding terms of the three spectra. I+ follows that /‘T/R 
and Z should show an approximately linear relationship for terms of the same 
type which have the same principal quantum number. The linear law accord- 
ingly provides a valuable test of the identifications of the three sets of terms. 

In the first place it will be instructive to compare the triplet terms, for the 
reason that these have been identified with greater certainty than the singlets, 
and the nature of the regularity to be expected in the singlets will be more 
clearly indicated. 

Table VIII shows the values of / T/R for the three sets of terms and the 
differences between them. The near equality of the differences on the same 
row may be taken as an indication that the terms have been correctly identified. 
The three C I terms which have not yet been identified yield lines in the infra- 
red, but approximate values for them may be found by interpolation if desired. 
The screening constants may be derived from the tabulated values of ~/T/R 
by multiplying these values by the appropriate principal quantum numbers 
and subtracting the results from the atomic numbers. Thus, for the 2p °P, 
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Table VIII.—Values of \/T/R for Triplet Terms. 
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OIL, Difference. NII. Difference. CI, 

2p *P, 2-013 0-538 1-475 0-564 0-911 
3a ®P, 1-272 0-366 0-906 0-377 0-529 
3p *D 1-172 0-360 0-812 

3p 48, 1-157 0-359 0-798 0-363 0-435? 
3p *P 1-147 0-358 0-789 0-366 0-423 
3d 4K 1-046 0-356 0-690 

3d 4D 1-034 0-350 0-684 0-344 0-340 
3d *P, 1-024 0+ 349 0-675 0-348 0-327 
43 5P, 0-928 0-307 0-621 

4p 5D, 0-844 0-270 0-574 0-260 0-314 
4p4S8 0-836 0-269 0-567 0-266 0-301 
4p 5P, 0-823 0-274 0-549* 0-251 0-298 


* Identified since paper on N I] was published. 


terms the screening constants are 3-97 (O III), 4-05 (NII) and 4-18 (CI). 
The reduction in screening with increase of atomic number is presumably 
accounted for by the greater relative distance of the orbit from the core of the 
atom. 


The values of 1/ T/R for the singlet terms are shown in Table IX. 
Table [X.—Values of V T/R for Singlet Terms. 


O Ill. Difference. N Il, Difference. Cf. 
2p"D, 1-966 0-539 1-427 0-566 0-861 
2p 18, 1-913 0-798 
351P, 1-250 0-346 0-904 0-385 0-519 
3p'D, 1-183 0-361 0-822 0-360 0-462 
3p'8 1-157 
3p 1P, 1:0492 0-282% 0-767 0-344 0-423 
3d1P, 1-046 0-356 0-690 0-346 0-344 
3d'P, 1-045 0-358 0-687 0-346 0-341 
3d1D, 1-009 0-343 0-666 0-344 0-322 2 
ae'P, 0-914 0-303 0-611 
4p'D, 0-848 0-267  *0-581 0-265 0-316 
4p'S )-827 
4p'P, 0-8162 0-2722 0-544 0-253 0-291 


* Identified since paper on N II was published. 


Apart from the p48, terms, which have already been considered, most of the 
identifications of the singlet terms appear to be justified by the progressive 
values of the differences shown in the table. The 5p?P, and 4p?P, terms were 
already considered doubtful in O III, and the above comparison suggests that 
the provisional identification of 3p1P,, at least, is improbable. 
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The above equation for 4/T/R may be extended to combinations between 


terms with principal quantum numbers n, and 7, as follows :— 


i in i A a A 


Rh or n* ns" 


= [(n.2 — n,?) Z? — 2(nq%s, — n,28_) Z + nq*s,? — n47s_7|/n,2n,?, 


which shows that an approximately linear relationship is to be expected between 
Z and the wave-numbers of lines, when both terms involved have the same 
principal quantum numbers. This is illustrated in Table X. 


Table X.—Linear Relations between Corresponding Lines. 





Line. CI, Difference. NII. Difference. OI. Difference. F IV. 
33 *P,—3p 5P, 10993 10597 21590 11218 32808 
3p1D,—3d'P, 10627 11854 22481 11297 33778 
2p *P,—2p’*D, 64048 28072 92120 27627 =119747 27487 §=—147234 
2p *P,—2p’ *P, 75212 33875 19087 32988 142075 32562 174627 


Millikan and Bowen have shown* that although a linear relationship should 
not exist for lmes whose terms have different principal quantum numbers, such 
a relation is to be expected for numbers obtained by reducing the wave-numbers 
of these lines by the formula 


¥ = v—(Z— A)? (ng? — n2)/n2ng, 


where A is a number whose value is chosen convenient for calculation. Assign- 
ing a value of 5 to A, this procedure has been adopted for corresponding lines 
of the three spectra, as shown in Table XT. 

It will be seen that the approximate linear relations shown in Tables X and 
XI justify the classification of the lines in question, with the possible exception 
of 2p'D, — 3s!P,. The identifications of these lines in the three spectra, 
however, appear to be well founded, 


** Phys. Rev.,’ vol. 26, p. 314 (1925). 
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Table XI.—Further Linear Relations between Corresponding Lines. 


Line. Vv. v Difference. 

CI 51786 36545 
36364 

2p1D,—3s'P, N Il 133873 72909 
42758 

Olil 252832 115667 

CI 60350 45109 
42880 

2p *P,.—3s5P, NIl 148943 87989 
42011 

Ol! 267165 130000 

cy 68533 53292 
57521 

2p'D,—3d'P, N lif 171778 110813 
57584 

Olt 304562 167397 

CI 78275 63034 
63433 

2p °P,—3d 5D, NII 187431 126467 
63486 

OT 7118 189953 

Cl 79266 64025 
63727 

2p *P,—3d5P, NI */ 188716] 127752 
64355 

Oilt 329272 192107 


49 











-* Calculated line. 


Triplet Separations. 

As regards the separations of the triplet terms indicated in Table VII, it will 
be observed that Av/9 for O III and Av/4 for NII are nearly equal for most 
of the corresponding terms. In NII the 3s°P separations are somewhat 
anomalous, but the sum of the two separations is practically identical with the 
corresponding sum in OTTI. The 3d°F a cg in the two spectra are also 
slightly discordant. 

The most notable feature of the separations in C I is that they are generally 
greater than the reduced separations in the other two spectra. 

Sommerfeld’s ‘* regular doublet ” law, which Millikan and Bowen have found 
to be applicable to many optical spectra of similarly constituted atoms, does 

VOL. CXVIII.—A. E 
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not appear to hold for the spectra under consideration, with the exception of 
the 2p °P terms. This law takes the form 


_ Ra® (Z — s)* 
Be nek (k — 1)’ 


where R is the Rydberg constant, « the relativity constant (#? = 5-31 x 107°), 
Z the atomic number, s a screening constant, » the principal quantum number, 
and k has its usual values, 2 for P, 3 for D terms, and soon. Ra* = 5-83, and 
it is thus found that Ra?/n® k (k — 1) is 0-365 for 2P, 0-108 for 3P and 0-0456 
for 4P. Some of the results for the spectra in question are as follows :— 


2p *P,—2p *P,. 3p *P,—3p ®P3. 4p *P,—4p *P,. 
4 -—____- —— — 
Av */dy]0-365 5 dv /Oef0-108 Av /2v)0-0406 5 





CI 42 3°275 2-725 33 4-181 1-819 33 5-166 0-834 
Nil 134 4-377 2-623 4 5-433 1-567 78 6-431 0-569 
O It 309 5-304 2-606 | 213 6-665 1-335 | 197 8-108 —0-108 
FIV 637* 6-464 2-536 





* I. 8. Bowen, ‘ Phys. Rev.,’ vol. 29, p. 242 (1927). 


It will be observed that while the calculated values of s are consistent in each 
case, they show a diminution, in place of the expected increase, towards a 
maximum of 5, in passing from 2p °P to 4p ®P. 

Landé’s modified formulay also leads to unexpected results. This may be 
written in the form 

y — e®C® (Z — 8)? 
(n*)? .4k(k—1)’ 


where n* is the Rydberg denominator [C?R/(n*)? = vy], C =1 for neutral 
atoms, 2 for singly ionised atoms, and so on, and s is a screening constant. The 
formula may also be written 


An* = sae (Z - s)? 
2k (k—1)’ | 


The application of this formula gives the following results for some of the terms 
in question :— 


{ ‘4. f. Physik,’ vol. 25, p. 49 (1924). 
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2p3P,—2p*P,. Sp 3P,—3p 3P,. 
Av An*x10* Z—s 8 4v An*x10® Z—s 
Cl 42 253 4-366 1-634 33 1979 12-21 
Nil 134 381 5°357 1-643 94 1738 11-44 
Olt 309 524 6-283 1-717 213 1925 12-04 


The results for 2p *P are in close agreement, but for 3s ®P, 3p °P and 4p °P 
the calculated values of Z —s are greater than Z itself, and the formula is 
clearly not applicable to the determination of s from these spectra. 


Summary. 

Further observations of the are spectrum of carbon (CI) have been made, 
and the classification of the lines has been considerably extended. The deepest 
term is a triplet Py, the value of which is estimated at 91017, corresponding to 
an ionisation potential of 11-2 volts. Comparisons are made with the spectra 
of NII and OJII, the atoms of which are similarly constituted, but differ in 
nuclear charge. 


The authors desire to express their thanks to the Department of Scientific 
and Industrial Research for a grant which has enabled one of them (E.W.H.S.) 
to take part in the foregoing investigation. 
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Further Investigations of the Spectrum of Singly-Lonised Carbon (C II), 


By A. Fow er, D.Sc., F.R.S., Yarrow Research Professor of the Royal Society, 
and EK. W. H. Setwyn, B.Sc., Imperial College, South Kensington. 


(Received July 4, 1928.) 


Introductory. 
In a previous paper* it was shown that a considerable number of lines 
attributed to singly-ionised carbon (C* or C ITI) could be arranged ina regular 
system of doublet series, involving transitions of a single electron. Numerous 
lines which appeared to belong to CII remained unclassified, but further 
analysis of the spectrum has been greatly facilitated by subsequent theoretical 
developments. In accordance with Hund’s theory, quartet as well as doublet 
terms are to be expected, and several of these additional terms have now been 
identified. The present communication gives an account of the newly classified 
lines, and includes improved measurements for some of the lines previously 
considered. 
Observational Data. 
The wave-lengths of most of the additional lines involved in the present 
discussion were determined in the course of the investigation of the doublet 
system. The sources included the spark between graphite poles in air, the 
spark in hydrogen, the are in vacuo, and vacuum tubes of carbon dioxide. 
In the spark at atmospheric pressure, most of the lines are too diffuse for 
accurate measurement and wave-lengths were consequently determined chiefly 
from vacuum tubes. The vacuum tube spectra of ‘oxygen under similar 
varied conditions served for the elimination of lines due to oxygen in the CO, 
spectra. 
By comparing spectra produced under different conditions of pressure anc 
strength of discharge, the lines representing successive stages of ionisation 
could be sorted out with considerable certainty. In many cases the assign- 
ment of lines to C II was confirmed by their behaviour in the spark in air, since 
lines representing the higher stages of ionisation do not appear on the less 
refrangible side of 4 2300 in this source, As previously observed by Lockyer, 
Baxandall and Butler, however, some of the lines of C IIT in this region are 
brought out when the carbon spark is passed in an atmosphere of hydrogen.} 


* A. Fowler, ‘ Roy. Soc. Proc.,’ A, vol. 105, p. 299 (1924). 
+ ‘ Roy. Soc. Proc.,’ A, vol. 82, p. 541 (1909). 
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the spark spectrum, it may be noted, lines of carbon are readily distinguished 
lines of nitrogen and oxygen by using a rather long spark gap, so that the 
bon lines are localised near the electrodes while the gas-lines extend right 
‘oss the gap. 

_ An additional source which has been employed is the “ vacuum spark ”’ 
‘or “hot spark.’”’ In the ordinary region of observation this has been found 
to be about equivalent to the carbon spark in hydrogen, which, as already 
temarked, includes the more prominent lines of C IIT as well as lines of C II. 
cbines of CIV, in this region of the spectrum, are readily obtained in vacuum 
Babes, as first observed by Merton.* In the region of short wave-lengths a 
Strong condensed spark in hydrogen has been found to give all the lines which 
Gave been recorded in the vacuum spark, and to exhibit the chief lines of C IV 
syith as great a relative intensity as has been recorded by Millikan in the 
ep hot spark.” In vacuum tube spectra it is not uncommon to find the C IV 
Moublet at 21550 of intensity similar to that of the CI triplet on its longer 
Svave-length side, and in some photographs it has been found of much greater 






comparative ease of operation. 


v . . . . 
Q The most convenient source for observations of C IT in the region of short 





jvave-lengths is the vacuum arc ; in this case the C I and C II lines are strongly 
Gleveloped, whilst only the more fundamental lines of C III appear with any 
Stonsiderable intensity, and even the “ D ”’ lines of C IV at 4 1550 are relatively 
Geeble. As a comparative source, the carbon spark in hydrogen, with varying 
amounts of self-induction, provided useful confirmation of the classification 
| ppt lines according to the different stages of ionisation ; spectra ranging from 
opredominant CI and CII to predominant C III and CIV were obtained in 
his way over the region 2000 to 41200, which is the limit when a fluorite 
= indow is interposed between the sparking tube and the slit of the vacuum 
Be sctrograph. With the vacuum are as source, the fluorite window being 
‘Aremoved, photographs have been taken as far as A 800, some of them in the 
Second and higher orders of the grating. The l-metre concave grating in use 
| = ruled at the National Physical Laboratory and gives extremely good 
definition and resolution—the ( I triplet at 1561 is readily resolved into its 
) oa components in the first order—but no lines have been obtained of wave- 
_ ‘tngth shorter than 800 with this instrument. 
‘Important contributions to the investigation of the spectrum of C II have 


* * Roy. Soc. Proc.,’ A, vol. 91, p. 498 (1915). 
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been made by Bowen in his classification and remarkably accurate measure- 
ments of lines in the extreme ultra-violet.* These measurements have been 
adopted so far as they go, and have been used as standards for additional 
determinations. Some of the lines which occur in the visible spectrum of 
C II have also been classified by C. Mihul,f in agreement with the results which 
had already been obtained in the course of the present investigation. 





Most of the brighter lines in the region less refrangible than 22300 have 


been measured in the first order of a 10-foot grating and several of them in 
the third order. From 2300 to 43900 other lines were measured on photo- 
graphs taken with Hilger’s large quartz spectrograph (E.1) and from 3900 


to 27300 with glass spectrographs of large dispersion. Some of the lines in 


the red which have been found to form multiplets, however, are very faint 
and the wave-lengths of such lines are probably subject to considerable errors. 
A specially adjusted quartz spectrograph by Bellingham and Stanley, obtained 
with the aid of the Government Grant Committee, has also been used for the 
region 21840 to A 2300. 


Predicted Terms. 
Most of the terms of C II may be considered as arising from the addition of 
an electron, in various orbits, to a CIII core. The configurations corre- 
sponding with the deepest terms of C III, and Bowen’s term values are as 





follows :— 
Configuration. 
u Terms. 
1, | 2, 2 | 
2 2 1s? 25? 28'S, 375463 
2 1 1 1s? 2s 2p 2p*P, 331939; 2p'P, 273110 





It should be remarked that while there are good grounds for the value assigned 
to 2p *P, the other values depend upon the identification of 2297 (v 43524) 
with 18,—8P,, and there is at present no confirmation of this assignment. 
The terms 18, and 2P,, however, are probably correct relatively to each other. 


The series dealt with in the previous paper are derived by the addition of 
an electron to the core in its most stable state (2s18). The corresponding 


* * Phys. Rev.,’ vol. 29, p. 231 (1927). 
7 ‘C.R.,’ vol. 184, p. 1648 (1927). 
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configurations and terms are shown under A in Table I, where the previous 
| _ notation has been modernised as shown below :— 


Previous notation. Present notation. 
2 (1) 7, 2p *P, 
2 (1) ro 2p*P; 
| 3 (2) 6 3329, 
Be 3 (2) 3, 3d*D, 
S 3 (2) 5, 3d*D, 
2 4 (3) dy 4f2F, 
=. 4 (3) po 4f*Fs 
= 
2 x 2p’ *8, 
3 
=, A second family of terms arises when the fifth electron is added to a C IT 
= 


score in the 2p *°P state. This includes quartet and doublet terms as shown 
Sunder Bin Table I. The terms of this group are conveniently distinguished 
aby * priming ” the electron symbols which are used as prefixes to the term 


ssymbols, as in previous papers.* 
5 Other doublet terms, arising from the addition of an electron to a C III core 
gm the 2p1P state, are also possible. From 3s’ downwards these would be 


4 similar in type to the doublet terms tabulated for the *P state of the core 
Shut none of these has been identified, and they are not included in the table. 
=  dtill another group of terms, as found by Bowen in the spectrum of the 
B-similarly constituted atoms of N ITI, corresponds to a displacement of both the 
= 2, electrons to 2, orbits, as shown under C in Table I. The system of double 
2 primes which has become generally familiar does not appear to be completely 
3 ~3 applicable to this group, and the terms are accordingly distinguished by the 
3 prefix 2%. 
g The combinations to be expected are indicated by the rules for electron 
e transitions ; namely, Ak = + 1 for one electron, and, if there are simultaneous 
A transitions of two electrons, Ak = 0 or 2 for the second (k = 1, 2, 3,... for 
8, p,d,...). They are most conveniently shown by the diagram at the corner 
a _ of the table, but it should be noted that combinations are further restricted 
7 by the selection rule for inner quantum numbers, 7.e., Aj = + 1 or 0, with 
+0 forbidden. Combinations of terms connected by broken lines are 
possible, but are unlikely to be of any great intensity. 
In Table I the electron configurations are exhibited first in the usual tabular 
** Roy. Soc. Proc.,’ A, vol. 117, p. 317 (1927), and vol. 118, p. 34 (1928). 
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, and again, omitting electrons belonging to the completed rare gas shell, 
in a form which is more convenient for writing; e.g., 2s? 2p means that 
“there are two electrons in the 2s or 2, level, and one in the 2p or 2,. Terms 
tet which have actually been identified are printed in heavy type. In addition, 
the combination 2p’ *P—2p* 4S has been identified by Bowen, but the terms 
_ themselves have not yet been evaluated. 

‘. Doublet Term Values. 

& «In the revision of the regular doublet terms, no sufficient reason has been 
“ found to change the original values, except those which depended upon measure- 
Sments of lines in the extreme ultra-violet, for which more accurate deter- 
\o minations have since become available through the work of Bowen. Thus 
gthe terms 2p’ 5S, (previously “‘ 2 ”’) = 100164-9 and 3s°S, = 80121-12 have 
— been retained and utilised for amending the value of 2p ?P, giving 
© 2p*P, = 196595-0, 2p?P, = 196659-0. In deriving the 2p’?P terms from 
Pehose the values have been slightly adjusted to accord with the Av more 
Zc ewig determined from the combination 2p’ ?P—2p**D. Higher doublet 
5 terms from the previous paper have been utilised for the identification of 
additional lines in the extreme ultra-violet; namely, 2p*P—5d, 6d, 7d*D. 
2 ‘The agreement between calculated and observed values is fairly satisfactory. 
The 2p’ doublet terms, and thence 2p*?D, it should be noted, have been 
etermined from combinations with the main doublet terms, so that all the 
= values assigned to doublet terms are in correct relation with each other. In 
Aother words, all these terms are referred to the limit 48 of the C ITT core. 

The term 2p? 2P has not been identified ; from the irregular doublet law, as 

5 applied to CII, NII and OTYV, its value is estimated at about 25500, but 
corresponding combinations with 2p’ doublet terms have not been certainly 
nS ee enised 
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Quartet Term Values. 
There are three sequences of two terms each, from which the quartet terms 
2 can be calculated with reasonable accuracy by the use of the simple Rydberg 
formula. Thus, from the known differences of the respective pairs of terms, 
with R = 109737, the following results are obtained :— 


Downloade 


a Av 
3s’4P, = 82850 
42 
a = ie 4s'4P, — 40264 
“ 31077 { 3p’ "S_ = 64954 3s’ «P, Sp’ 43, = 17896 
4p’ 43, — 33877 8s’ 4P, 3’ 4D, = 14727 
, { 3p’ 4D, = 68123 
3306 p 
<i hi a 4D, — 35059 
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If the calculated term values were entirely consistent, the differences sho 
on the right would have been equal to the observed lines y = 17724 a 
v = 14730 respectively. The deviations are not great, and the adoption of 
3s *P, = 82850 will clearly provide a basis for quartet term values which igs 
probably not far from exact. It should be mentioned, however, that the 
terms 3d’ 4P, and 4d’ *P,, with Av = 21963, when treated in the same way, 
yield term values nearly 1100 units smaller than those given by the other 
pairs of terms. 

The terms which have now been identified and evaluated are collected in 
Table IT, where wave-number separations of multiple terms are also indicated. 
As already remarked, the value of the deep term 2p’ 4P has not been found, 
for although Bowen has identified the combination 2p’ *P—2p3 48, (v = 98972, . 
etc.) neither of these terms has been recognised in other combinations. Hund’s — 
rule that of the terms arising from a given configuration, the one of highest — 
multiplicity is usually the deepest, suggests that 2p? 4S, is greater than 2p8 2D 
(= 46196), and consequently, since 2p’ *P,—2p? 4S, = 98973, that 2p’ #P 
is greater than 145170. It is somewhat disappointing that the intercombination — 
2p =P—2p’ 4P, representing the two deepest terms of the spectrum, has not 
been found. The corresponding lines would be expected to have wave-— 
numbers less than 51425, and thus to occur in a part of the spectrum which 
has been well explored. 


Table IT.—Terms of C IT. 


(A.) 
2p 7P, 196659 64-0 38*8, 80121-12 3d°D, 51109-01 1-45 4f*F,, 27679-95 
2p, 196595 4% 2D, 51107-56 
4s°S, 39424-57 5f*F,, 17702-54 
2P, 64923-19 5348, 23310-82 2D, 28534-67 Gf 2B, 12282-80 
4p *P, 34140-30 . 9, 5d°D, 18164-2 


2p, 34134-38 
6d°D,, [12558] 


7d°D,, [9193] 
er TE SS ee 
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Table II (continued). 











i (B.) 
— -f2p’ *P > 145170 *S, 100164-9 *P, 86033-9 4,.5 %Ds 121728-1 |. 
; Av 29:21 “P, 85992-7 “ 8D, 121726-9 *** 
3s’ *P, *82850-00 ,.. 2p 
«P, 82826-24 47 '00 = 
‘Pp, 82781 -27 
3p’ *S, 65126-01 ‘P, 63389-68 ,,.., *D, 68120-20 ,,. 8 PD) 
=) ‘P, 63373-38 20°20 sp, 8105-50 24°70 
*P, 63350-95 ~ *D, 68080-49 3,5. 
an ‘D, 68044-22 °7"~¢ 
S Sd’ “P, 60972-7 41.5 {D, 532585 5, “F, 54063-9 44 , PD F) 
> ‘P, 50951-2 — 7,9 “D, 58262-9 9 4, 54049-6 J2°% 
Se ‘P, 509370 —/*°* ep, sazaa-2 19°2 +R, 54030-0 19°6 
2 ‘D, 53233-9 ‘F, 54002-4 ~‘ 
© sy 
4s’ *P, 40264-44 ; (*P) 
Bb =P, 40240-42808 
5 ‘Pp, 40194-34 
on 
& 4p’ 4S, 34049-1 ‘P [33100] *D, 35056-4 78 PD) 
= «p, 35042-1 42°3 
2 ‘D, 35020-1 35 "4 
c= ‘D, 34986-7 
S 4d’ *P, 29006-28 = 29.59 (DF) @(P DF) 
SS ‘P, 28985-73 
2 ‘p —11-90 
5 1 28973-83 
© 
(C.) 
= 2p* 4S, > 46200 *P [25500] "Dy 46196-2 __ 
6 “Dp, 46191-1 
S 
= iii Sls rete 
: * Caleulated by Rydberg formula as basis of quartet terms. 
ee 2p’ term values are referred to the 'S limit, while the other terms of group B are referred 


= The above estimate of the value of 2p’ 4P, it should be noted, is referred to 
© the 48 state of the C ITT core, and, following a suggestion made by Prof. H. N. 
3 Russell, the term might be written in the form 2p’ (18)*P. Its value referred 
> tothe *P state, or 2p’ (°P) 4P, which would be expected to be in Rydberg sequence 
with 3p’ 4P, would be greater than this by the difference 18,—°P, of C III. 
Bowen has taken this to be 43524 (representing the supposed C IIT “ reson- 

_ ance ” line ) 2297) and assuming this to be correct, the value of 2p’ 4P referred 
to the °P limit would be > (145170 -++ 43524), or > 188694. In view of its 

_ great intensity, however, it is possible that 1 2297 may not be the resonance 
Hine of C TIT, and that a line of higher wave-number should have been selected. 
The order of magnitude is, nevertheless, generally confirmed by a comparison 
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of the doublet p P and quartet p’ P terms, from which it may be inferred th 
2p’ *P, referred to the *P limit of C IIT, is probably not much smaller 196595 
A value of, say, 193000 would not be inconsistent with the values assigned to 
3p'*P and 4p’4P. 

Thus, in searching for combinations between the doublet terms of groups 
A and C with the quartet and doublet terms of group B, the latter (except 
the 2p’ terms which are already evaluated with reference to the 8 limit) 
must be reduced by an amount representing S)—*P, of the C ITT spectrum, 
Attempts to trace such combinations, however, assuming alternative possible 
identifications of the resonance line of C III, have so far been unsuccessful, 


Doublet Combinations. 

The doublet combinations which have been identified are collected in Table — 
III. This includes all the lines considered in the previous paper, and additional 
lines which have been identified by Bowen and the authors. For lines in the 
extreme ultra-violet which have not yet been measured with great accuracy 
the calculated wave-numbers, enclosed in square brackets, are indicated for 
comparison with the values corresponding with the observed wave-lengths. 
Other calculated lines are also distinguished by brackets. 


Quartet Combinations. 
The quartet combinations which have been identified are collected in © 


| 
Table IV. 
Unclassified Lines. 


Among the unclassified lines are two complex doublets which may possibly 
involve doublet terms of group B, none of which beyond the first row (2p’) 
has yet been evaluated. These may be represented as follows :— 














? 3a’ | sp, *?, 





? 3p’2D, 16381 “95 (1) 19-48 16401 -43 (3) 
16802. 70 (5) 











? 4d’ co ik sem *P, *P, 
? 3p’*D, 37854 +2 (1) 5-0 378592 (2) 
7-3 
2D, 37846 -9 (3) 





There is also an unclassified pair 2A 3167-95 (3), 3165-51 (4), Av 24:33, 
which is notable for the sharpness of its lines. 
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Catalogue of Lines attributed to C II. 


Table V is a catalogue of all the lines between 27236 and 22137 which 
have appeared to be attributable to CII. The wave-lengths, followed by 
numbers in brackets representing rough estimates of intensity, are given in 
the first column, the corresponding wave-numbers in the second, and the 
classification, where ascertained, in the third column. 


Table V.—List of C IT Lines, 4 7236—, 2137. 








* Merrill (private communication). 


| Vv. | A. | v. | 
[13814-18] | 3p 2P,—8d 2D, 6582-85 (8) 15186-80 | 35 *S,—3p #P, 
13815-63 Do De 6578 -03 (10) 15197-93 Bae!” roles 
138825 -3l P, 
#6243 -98 (0) 16011 -02 
14002-39 *6115-21 (0) 16348 +15 
14014-47 | 3p’ *D,—3d’«F, 
14030 -26 > 6102-59 (0) 16381 -95 
D, : 6098-62 (3) 16392 -70 
14042 -16 {ps F, 6095-37 (2) 16401 -43 
14050-69 D, F, 
14056 ¥ 16 if D, F, 5919-60 (0) 16888 4 3d’ ‘P,—tp’ Si, 
LD, F, 5914-92 (0) 16901 +7 : S, 
5907-36 (1) 16923 +4 P, S, 
14153-6 3p’ 4S,—3d’ *P, 
14174-7 : P, 5891 -65 (3) 16968-48 | 3d %D,—4p °P, 
14188-9 8, P, 5889-97 (5) 16973 +32 Dio: oe 
[5889-5] [16974-6] D- = 5 
14675-72 | 38’ “P,—3p’*D, 
14700-75 P, D, 5856-09 (2) 17071 +5 3p’ "D,—3d’ *P, 
14706-06 P, D, 5843-77 (0) 17107 +5 i ee 
14720-67 P, D, 5836-31 (1) 171294 D, : 
14729-79 P, D, 5827-80 (1) 17154-4 Da ie 
14737 -05 P, D, 5823-13 (0) 17168-2 Dy |Uk 
14744-61 P, D, 5817-87 (0) 17183°7 D; P, 
14745-77 P, D; 
5662-51 (4) 17655-13 | 38’ *P,—3p’ 48, 
14800-32 | 3p’4D,—3d’*D, 5648 -08 (3) 1700-23 P, 8, 
14810-25 ” D, 5640-50 (2) 1724-12 P, S; 
14828 -20 D, D, 
14836 -32 Beh, cede 5478-6 (0) 18248 3d’ *D,—4p’ ‘D, 
D D 
BASAG +80 He Db, 5272-56 (1) 18961-4 
14852 -59 Dok ew Te 
D D ‘Fh, ‘D; 
14861-73 8 . ’ , D 
D, D, 5259-62 (3) 19007°5 | 3d {Bet Ds 
2 1 
14873-17 5257-36 (2) 19015-7 . D, 
14904-35 5253-55 (1) 19029-5 F, D; 
5249-43 (0) 19044-4 By D, 
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. Table V—continued. 

A. : Vv. | | A. | v. | 
5151-08 (3d 2) | 19408-01 3s’ 4P,—3p’ 4P, 3361-75 (1) 29737 +90 
5145-16 (5) 19430 +34 P, P, 3361-09 (2) 29743 +74. 
areaal iis ans 64 P P 3167-95 (3) 31557 -05 
5139-21 (1) 19452 -84 
5137-26 to} 19460-22 P, P, 3165-51 (4) 31581 -38 
5133-29 (2) 19475 +27 P, P, 

5132-96 (3) 1947652 P, P, 2992-63 (4) 33405-71 
5121-69 (0) 19520-1 2967-91 (3) 33683 -93 
5119-55 (1) 19527 -6 2967-31 (2) 33690 +75 
5114-07 (1) 19548 -5 
4964-90 (1) 20135-8 2885-47 (2n) 34646 -26 
4618-85 (2d?) | 21644-3 2837-602 (8) 35230 -69 
4411-52 (2) 22661 -58 2836-710 (10) | 35241-75 
4411-20 (2) 22663 -22 
4410-06 (1) 22669-08 2801-36 (2n) 35686-45 
4374-28 (2) 22854 50 2767-75 (2) 36119-78 
4372-49 (1) 22863 -87 3766-18 (1) 36140 -28 
4371-59 (0) 22868 -57 2765-27 (0) 36152-18 
4267-27 (10) 23427-61 3d *D,—4f °F, [2747-34] (36388 - 1] 
4267-02 (8) 23428 -99 : : 2747-31 6) 30388 -52 
4074-89 (1) 24533 -70 
4074-53 (2) 24535 -80 2725-90 (1) 36674-3 
4070-30 (3) 24561-30 Ua 2725-29 (1) 36682 +5 
4068-97 (3) 24.569 -33 2724-87 (0) 366881 
4021-13 (0) 24861 -63 3p’ 4S,—4s' #P, 2641-44 (3) 37846-88 
4017-27 (1) 24885 -52 : ; 2640-93 (1) 37854-18 
4009-90 (2) 24931 -26 8, P, 2640-58 (2) 37859 -20 
3980-35 (2) 25116-34 2595-07 (1n) 38523-1 
3952-08 (1) 25296 -00 2592-00 (2n) 38568-7 
3920-677 8) 25498-65 2p Pas 8, 2574-86 (1n) 38825 -5 
1 1 
3889-18 (1) 25705-10 ripped edb ep 
511-71 (4 39801 - 
3885-99 (0) 25726-21 2509-11 fF 30848-77 
3876-670 (1) 25788 -05 2409. 
3876-409 (2) 25789 -79 seo i i p opti 
3876-188 (4) 25791 -26 
3876-051 (1) 25792 -17 a3 +37 (2) 45619-3 
77-66 (1) 459064 
3590-87 (2 : *D *P 
see | moe PCBS | omen | ae 
3588-92 (1) ataer ins D S 2173-86 (2) 45986 +74. 
ea) | Hee | BR | ssw | aoe 
1 by 
3584-98 (1) 27886 -23 Ds P, 2137-93 (2) 46759 +34 
2137-45 (1) 46769 +84 
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1 is a list of carbon lines which have been observed between 2 2137 


| 39 ; the distinction between C II and C III by experimental behaviour 
iat difficult in this region, but suggested or known origins are indicated. 



































Table VI.—Lines of Carbon between 2137 and d 1894. 


Anir. v. 
2092-40 (4) 47776-8 Cll? 
2016-92 (1d 2) 49564-5 KZ 
2010-18 (5) 49730 +6 : 
2009-67 (4) 49743 «3 ze 
Avac. 
1988-05 (1) 50300-5 CI? 
1979-79 (3) 50510+4 CL? 
1979-35 (4) 50521 +6 as 
1931-03 (10) 51785 -9 Cl 
1923-52 (4d ?) 51988-0 ves 
1923-13 (5) 51998-6 
1804-49 (2) 52784-6 CII? 


Table VII includes lines of carbon below A 1760 which have been classified 
as part of the C II spectrum. All of these occur in the vacuum arc, in 


Table VII.—Classified Lines of C IT 4 1760—,) 534. 








1! 
| v | g Avac. | v | 
ie | — 
| 
| 858-561 (1) | 116474-0 | 2p *P,—3s 2S, 
56790-8 2p’ *D,—3p *P, | 858-088 (0) | 116538-2 P, S, 
56804-0 D; P, 
#687-351 (5) | 145486-1 | 2p *P,—3d *D, 
74866 -9 2p °P,—2p’ *D, 687-053 (5) 145049-2 | P, D, 
74932-1 P, D, ! | 
#636-2(2) | 157183 | 2p *P,,—4s°S, 
75531 -0 2p’ *D4a—2p" "Doo | 
#595 -02 (2) 168062 |p *P,—4d *D, 
87505-6 2n'*D5,—4p 2P 594-79 (2) 168127 P, D, 
96430+1 2p *P,—2p’ 4S +560-5 (2) 178412 | 2p 2P,,—dd 7D,, 
6493-8 ad ee : Si +543-4 (1) 184026 2p *Py,—6d "Daz 
+533-5 (1) 187441 | 2p °P,,—7d "Ds, 
98972 +5 2p’ 4P,—2p* 4S, . 
99001 +1 P, S. 
99022-6 P, S. 
| blo561-7 2P,—2p/ 2P 
110603 -2 *P get 
5 al 110624 - 4 P, P, 
H 1106660 P,; P, ; | 


| 7) ae 


and classificatio Bo (*‘ Phys. Rev.,’ vol. 29, p. 233 (1927) ). 
% Seas A, Millikan aches end anes 








= 


ul 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 









326 Spectrum of Singly-Ionised Carbon (C II). 


company with lines of CI. Other observations of the vacuum arc have been 
made by Simeon,* and of the vacuum spark by Millikan and Bowen} and 
by Lang.f Wave-lengths and classification of lines of C I have been given in 
a previous paper.§ 

Summary. 


The paper gives the results of a further investigation of the spectrum of _ 


singly-ionised carbon (C IT) as observed over a wide range in various sources, _ 


Previous results for the regular doublet system have been revised, and numerous 
lines have been classified in the quartet system which is predicted by Hund’s 
theory. A catalogue of all the lines which appear to be attributable to C II 
in the region 1 7200 to \ 2137 is included, and also a list of classified lines of 
shorter wave-length. 


One of the authors (KE. W. H. S.) is indebted to the Department of 
Scientific and Industrial Research for a grant which has enabled him to take 
part in this investigation. 


* * Roy. Soc. Proc.,’ A, vol. 102, p. 484 (1922), and vol. 104, p. 368 (1923). 
+ ‘ Phys. Rev.,’ vol. 23, p. 8 (1924), and other papers. 

t ‘ Phil. Trans.,’ A, vol. 224, p. 377 (1924). 

§ ‘ Roy. Soc. Proc.,’ A, vol. 118, p. 34 (1928). 
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The Are Spectrum of Siltcon. 


By A. Fowter, D.Se., F.R.S., Yarrow Research Professor of the Royal 
Society. 


(Received February 8, 1929.) 


[PLATE 18.]} 


Introductory. 


In the Bakerian Lecture for 1924* it was shown that the changes in the 
spectrum of silicon which accompany increased energy of excitation represent 
successive stages of ionisation of the silicon atom. Besides the spectrum of the 
neutral atom (Si [), characterised by the series constant R, three other spectra 
were identified as Sill, Si III and SilV, for which the series constant was 
4R, 9R and 16R respectively, in accordance with Bohr’s theory. 

In view of the great advances in the theoretical interpretation of spectra 
which have since been made, it has seemed desirable to undertake a revision 
and extension of the earlier analyses of these spectra. The present com- 
munication gives an account of additional observational data for Si I and of 
the progress which has been made in the identification of the terms predicted 
for this spectrum by the theory of Heisenberg and Hund. 


Observational Data. 


The region of the arc spectrum considered in the previous paper extended 
from the visible spectrum to the beginning of the Schumann region about 
1840. It was pointed out, however, that since the first triplet combinations 
occur in the ultra-violet, beginning at 22528, any additional members in 
sequence with them must be situated in the Schumann region. The arc 
spectrum in this region has accordingly been further investigated with the 
vacuum grating spectrograph. 

In order to extend the observations as far as possible to short wave-lengths, 
and to minimise the introduction of lines of Si II, which appear conspicuously 
in the vacuum arc, the are was passed in nitrogen at atmospheric pressure. 
It is known from observations in the ordinary parts of the spectrum that the 
substitution of nitrogen for air does not affect the spectrum of an are, but 
for the present purpose nitrogen has the advantage of being transparent 


* * Phil. Trans.,’ A, vol, 225, p. 36 (1924). 
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for short wave-lengths, whereas oxygen is strongly absorbent. Spectra 
obtained with an are in nitrogen at atmospheric pressure are thus equivalent, 
as regards existing energy, to those given by an are in air under ordinary 
conditions. 

In work with the vacuum spectrograph it is usually an advantage to place 
the source as near as possible to the slit, and so, instead of putting the are in 
a closed vessel, it was brought within about an inch from the slit and a slow 
stream of nitrogen passed between the slit and the arc. The slit was covered 
with a fluorite plate, and a short length of water-cooled brass tube extended 
from the slit towards the are. Nitrogen was admitted through a side tube. 
In this way, photographs of the arc spectrum extending to about 4 1600, and 
sometimes further, were obtained. ‘Two pairs of lines due to Si IT appeared on 
some of the plates, but not on all of them, and, as in the visible spectrum, it 
appears that such lines were practically confined to the immediate neighbour- 
hood of the poles. 

Most of the photographs were taken in the first order of a grating having 
15,000 lines per inch, which was ruled at the National Physical Laboratory. 
The definition and resolution given by this grating are excellent, as may be 
gathered from the enlarged copies which are reproduced in Plate 18. At a 
late stage of the investigation, another grating having 30,000 lines per inch, 
ruled on glass, became available through the kindness of Prof. R. W. Wood. 
A few photographs of the silicon arc spectrum have been taken with this second 
grating, and in these also the definition is very good ; the additional dispersion 
and resolution on these plates have materially improved some of the data. 

Pole pieces of elementary silicon yielded the most complete spectra, but good 
photographs were also obtained with potassium fluo-silicate on poles of Acheson 
graphite. The latter photographs were especially valuable because they 
included lines of carbon, most of which have been accurately measured by 
Bowen.* With poles of silicon, carbon was only represented by a trace of 
the very strong arc line at 41931. The photographs of the fluo-silicate spec- 
trum were also of assistance in the classification of some of the singlets which 
occur in the Sil spectrum ; it was found, for example, that while the singlet 
DF series appeared with undiminished strength in the fluo-silicate spectrum, 
the singlet DD series was relatively much reduced in intensity and extent. 

As the silicon used in these experiments was known to be somewhat impure, 
the are spectra of numerous other elements were photographed under similar 
conditions for purposes of comparison. A few lines of aluminium, including 
* * Phys. Rev.,’ vol. 29, p. 238 (1927). 
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some of AlII, and a line of calcium were thus identified as arising from 
impurities. The pair of nitrogen lines, 4A 1745-26, 1742-74, also appeared 
conspicuously in most of the are spectra. 


Determination of Wave-lengths. 


The photographs of the spectrum of potassium fluo-silicate were first care- 
fully measured, and the wave-lengths of numerous silicon lines were obtained 
by interpolation with respect to the lines of carbon* and nitrogen. The most 
suitable lines among these were then used as standards for the reduction of the 
plates showing silicon lines alone. A valuable check on the values obtained 
for several of the silicon lines was, fortunately, provided by the analysis of the 
spectrum. As will be seen from Table III, a number of silicon lines which 
occur in the Schumann region can be calculated with great precision from the 
accurate values already determined for lines in the ordinary ultra-violet 
region. Lines on the first four rows of this table being used for the deter- 
mination of the differences between the terms shown at the head, it is only 
necessary to add these differences to the wave numbers of some of the singlets 
which appear on the right in order to obtain the wave-numbers of associated 
lines in the Schumann region. When there could be no doubt as to the 
identity of calculated and observed wave-numbers the calculated values were 
adopted for tabulation. Such calculated wave-numbers are distinguished in 
Tables I and III by an asterisk; they may conveniently be collected as 
below, as good standards in the Schumann region are not yet very numerous. 





Ve Avaee Anir- ve Avace 
47088 -00 2123-683 2123-009 54090-11 1848-765 
47128-14 2121-874 2121-200 54236-19 1843-788 
47274-22 2115-318 2114-646 54313 -25 1841-171 
48014-58 2082-701 2082-035 54647-48 1829-910 
48571-95 2058-801 2058-139 54793 - 56 1825-032 
52503 -29 1904-643 54870 - 62 1822-469 
53138-25 1881-883 58578 -82 1707-102 
53163 -53 1880-988 58724-90 1702-855 
53309 -61 1875-835 58801 +96 1700-623 
53386 - 67 1873-127 


—— 





An examination of the multiplets on which the above values depend, however, 
shows that the positions of the parent lines are not yet known with the greatest 
attainable accuracy, and to this extent the above values are to be considered 


* Bowen’s value for the carbon line, 1931-027, was replaced by 1930-95, deduced during 
the present investigation. 








| 





Aaiy (Int.). | v. | Classification. 
— 
=> 
1231-0 (8) 8902 4e1P,—4p18, 
867-7 (5) 10131 4s °P,—4p 18, 
755-8 (10) 10248 4p1D,—3d1P, 1 
N35948 - 552 (5) 16806-17 | 4s?P,—5p 48, 
5797 - 869 (3) 17242 -94 49 °P,—5p °D,? 
5793-083 (2) 17257-19 4s *P,—5p *D,? 
—~5780 +390 (0) 17295 -08 

0772: 152 (1) 17319-77 4s 3P,—5p °D,? 

25754 - 240 (0) 17373-68 | 48%P,—5p ®P, 

"E5708 408 (5) 17513-17 F P, 
"45701 -111 (1) 17535-58 P, P, 
"5690-435 (2) 17568-49 P, P, 
5684-496 (3) 17586 -84 

-566 (1) 17645-61 P, P, 

35645 -621 (1) 17707-94 P, P, 

as 

©4102 -945 (5) 24365-89 | 3p 1S,—4s °P, 
905-534 (10) | 25597-47 3p 18,—4s8 1P, 

> 

©3020-01 (0) 33102-85 | Si? 

2987 - 650 (5) 33461-39 | 3p1D,—4s9P, 
£2970: 35 (2) 33656-27 | 3p1D,—4s5P, 

= 

2881-585 (10) | 34692-97 | 3p™D,—4s1P, 
= 

©2631 -310 (5) 37992 -57 | 3p3S,—3d2P, 

2568-66 (2) 38919-15 | 3p1S,—5eP, 
"2532-39 (2) 39476-52 | 3p1S,—5s'P, 
ne) 

2528-516 (10R)| 39537-01 | 3p P,—48°P, 
524-118 (9R) | 39605-89 - P, 
519-210 (SR) | 39683-03 P, P, 

©2516-123 (15R)| 39731-73 P, P, 

2514-331 (7R) | 39760-04 P, P, 

2506-904 (10R)| 39877-83 P, P, 
2452-136 (3) 40768-42 | 3p °P,—4s!P, 
2443-378 (3) 40914 +54 , P, 
2438-782 (3) 40991 +64 P, P, 
2435-159(8R) | 41052-61 | 3p'D,—3p’"D, 
2303-02 (2) 43407-86 | 3p18,—4d'P, 
$2289-60 (1) 43662+15 

78-22 (0) 43880-44 | 3p18,.—6sP, 

2259-57 (1) 44242 -48 3p 18,—6s1P, 


Are Spectrum of Silicon. 


Catalogue of Silicon Are Lines. 
A general catalogue of silicon arc lines is given in Table I. The first column 
gives the wave-lengths and intensities, the wave-lengths to 22000 being in 


Table I.—Are Lines: of Silicon. 


+ McLennan and Shaver. 
+ Not in previous list. 


Aair (Int.). | v. 


2218-917 (1) 
2218-080 (2) 
2216-685 (4) 
2211-750 (2) 
2210-912 (3) 
2207-980 (2) 


2124-150 (10R) 
*2123-009 (2) 
*2121-200 (1) 
*2114-646 (0) 

2084-40 (2) 
*2082-035 (1) 


2065-48 (0) 
2061-12 (1) 
*2058-139 (5) 
2054-85 (1) 
2011-05 (0) 
2008-55 (00) 


Avac (Int.). 


1991-94 (2) 
1989-01 (6) 
1986-39 (4) 
1984-50 (0) 
1983-25 (4) 
1980-64 (3) 
1979-23 (3) 
1977-62 (3) 


1963-04 (00) 
1962-13 (0) 
1961-29 (00) 
1960-16 (0) 
1958-65 (0) 
1957-92 (0) 
1956-06 (0) 
1955-00 (1) 
1953-02 (0) 
1952-53 (00) 
1951-61 (0) 
1950-23 (0) 
1947-01 (1) 
1945-03 (00) 
1942-37 (00) 
1940-69 (0) 
1934-49 (00) 


45052 - 96 
45069 - 96 
45098 - 32 
45198 -92 
45216-07 
45276-09 


47062 -72 
47088 -00 
47128-14 
47274-22 
47960 -09 
48014-58 


48399 - 36 
48501-73 
48571-95 
48652 +31 
4070920 
49771-05 


50202 - 
50276> 
50342 - 
5O390 
50422- 
50488 - 
50524 ° 
50565 - 


50941 - 
50965: 
5O9S6 - 
5LO1G- 
51055- 
51074: 
51123- 
51150- 
51202: 
51215- 
51239> 
51276: 
51360: 
51415: 
51483 - 
51528- 
51693 -2 


MAH COURDWBOSONAONKXOHR BAIdDKRAaRS 
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provisional, though the errors are unlikely much to exceed one-hundredth 
of an angstrom. 





Classification. 


Sp *P,—3p’ *D, 
2 D, 

P, D, 

f B 

" 2 

Py D, 


3p'D,—3d'F, 
3p 'D,—3d'P, 
3p ®P,—3p''D, 
3p *P,—3p"'D, 
3p'D,—3d'D, 
3p*'D,—5s*P, 


3p 'D.,—5e'P, 
3p1D,—3d °P 


3p *P,—3p’ ®P, 
P 


2 I 


P, P, 
P, P, 
P, P, 
P P, 


= 


§ Solar wave-lengths adopted between these limits. 
* Calculated wave-lengths adopted. 
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*1904-643 (2) 
1901-36 (SR) 


1893-25 (5) 
1887-74 (2) 
1883-80 (0) 
*1881-883 (2) 
*1880-988 (0) 
*1875-835 (2) 
1874-90 (3) 
*1873-127 (2) 
1865-19 (0) 
1861-76 (00) 
1855 - 62 (00) 


1853-17 (1) 
1852-49 (3) 
1851-82 (1) 
1850-70 (5R) 
*1848-768 (2) 
1848-17 (3) 
1847-48 (4R) 
1846-13 (2) 
1845-53 (3) 
*1843-788 (2) 
1841-48 (3) 
*1841-171 (2) 
1838-00 (1) 
1836-54 (2) 


*1829-910 (2) 
1826-45 (00) 


*1825-032 (00) 


*1822-469 (2) 
1817-97 (0) 


1814-07 (6) 
1809-05 (4) 


1799-16 (2) 
1797-35 (1) 
1790-31 (2) 
1787-78 (00) 
1784-09 (0) 
1783-24 (2n) 
1776-86 (2) 
1774-98 (0) 
1774-05 (00) 


1772-26 (0) 
1770-89 (3R) 


1769-81 (3) 


1766-09 (4n) 
1765-15 (3R) 
1759-63 (2) 
1757-34 (00) 
1753-11 (3n) 
1752-71 (0) 
1749-78 (00) 
1747-40 (1) 


52503 +29 
52593 -9 


52819-2 
529734 
53084 +2 
53138-25 
53163 -53 
53309-61 
53336 «2 
53386 -67 
53613-8 
53712-6 
53890-3 


53961 -6 
53981 -4 
54000-9 
54033 «6 
54090-11 
54107 -6 
54127-8 
54167-4 
54185-0 
4236-19 
54304 +2 
54313-25 
54407-0 
54450 -2 


54647-48 
54751-0 
54793 - 56 
54870 -62 
55006 -4 


55124- 
55277 > 


55581 - 
55637 - 
55856- 
55935- 
56051 - 
56077 
56279 
56338 
56368 


waIlSalwewaAn ea 


56425- 
56468 - 


56503 - 


1 
8 
2 
56622 +3 
56652 -4 
56830-1 
56904 -2 
57041-5 
57054 -5 
57150-0 
57227-9 





Classification. 
3p'D,—4d'P, 
3p 1D, —4d IF, 
3p'D,—4d'D, 
3p 'D,—6s °P, 
3p ®P,—3d'F, 
3p sp. 3d'P, 
3p *P,—3d 1p, 
3p 1D,—6s'P, 
3p *P,—3d'P, 
3p'D,—4d ®P ? 
3p ®*P,—3d*D, 
3p sp.— 3d 2p, 
3p *P,—3d*D, 
3p op. 5s *P, 
3p *P,—3d *D, 
3p *P,—3d ‘=D, 
3p sp 58 *P, 
3p *P,—3d"D, 
3p *P,—5a *P, 
3p sP,—5s sp, 
3p *P,—5s ®P, 
3p *P,—5s'!P, 
3p sp — 5s1P, 
3p 'D, —5d'P,? 
3p1D,— zs ¥. 
3p'D,—5d'D, 
3p+D,—7s'P, 
3p ‘1D, —5d *P ? 
3p *P,—3d*P ? 
Sop 3P,—3d 3p ? 
3p1D,—6d'F, 
3p *P,—3d*P ? 
3p 1p,—z 
3p'D,—6d'D, 
3p'D, =f 1p, 


A. Fowler. 


Table I—(continued). 


* Calculated wave-lengths adopted. 


Avae (Int.). Vv. | Classification, 


1743-91 (0) 

1740-40 (2n) 
1736-58 (00) 
1734-78 (1n) 
1727-37 (00) 
1724-07 (00) 


*1707-102 (0) 

1704-47 (3R) 
*1702-855 (2) 
*1700-623 (2) 


1700-43 (2) 
1699-73 (00) 
1698-25 (00) 
1697-92 (4B) 
1697-60 (0) 

1696-22 (3R) 
1695-60 (2) 


1693-48 (1) 
1693-23 (1) 
1690-80 (1) 
1689-30 (1) 
1687-08 (0) 
1686-87 (1) 
1682-70 (1) 


1676-83 (0) 
1675-24 (3) 
1672-62 (2) 
1670-91 (2) 
1668-53 (1) 
1667-66 (1) 
1666-40 (1) 
1664-51 (1) 
1660-44 (0) 
1653-28 (1) 
1651-02 (0) 


1633-95 (In) 
1633-04 (On) 
1631-39 (On) 
1629-33 (1) 
1627-83 (00) 
1627-15 (00) 
1625-68 (2n) 
1622-79 (2n) 
1620-39 (1) 
1616-55 (1) 
1615-94 (1) 
1614-63 (1) 
1609-02 (0) 
1605-86 (0) 


1597-99 (1) 
1595-21 (0) 
1594-25 (1) 


1592-27 (1) 
1590-60 (0) 


57342 -4 
57458 +1 
57584-7 
57644-2 
57891-5 
58002 +3 


58578 - 82 
58669 -3 

58724 -90 
58801 - 96 


58808 - 6 
58832 -9 
58884-1 
58895 -6 
58906 +7 
58954 -6 
58976 +2 


59050 -0 
59058 +7 
59143 +6 
59196-1 
59274-0 
59281 -4 
59428-3 


59636-3 
59692 -9 
59786-4 
59847 -6 
59933 -0 
59964 °3 
60009 +6 
60077 +7 
60225 -0 
60485-8 
60568 - 6 


61201-4 
61235-5 
612974 
61374-9 
61431-5 
61457-1 
61512-7 
61622-3 
61713°5 
61860-1 
61883 -5 
61933 +7 
62149-6 
62271-9 


62579 -6 
62687 -7 
62725-4 


62803 -4 
62869 -4 







3p 1D,.—7d'D, 
3p'D,—9s 1p 


3p *P,—4d! a3 
Sp 


3p *P, Bay * ap 
3p 3p) —4d Ip, 


P,—4d 


3p 3p,—4d 8D, 


3p *P,—4d*D, 


3p *P,—4d*D, 
3p *P,—4d *D, 


3p *P,—6s “1 
3p *P, —6s *P, 
3p ap, —6s 5P, 
3p sp, —b6s FF 


3p 3p, —6e AE : 
3p *P, —6s ®P. 


3p ®P,—4d 8P 
3p ®P,—4d *P 
3p *P,—4d °P 


3p *P,—5d'F, 


Si? 
Si ? 
3p *P,—5d*P? 
3p *P,—5d *P ? 


3p *P,—5d °P ? 


Sp *Ps—*, 
*P\— 2 
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air, and those smaller than 2000 in vacuo. The second column gives the 
corresponding wave-numbers, reduced to vacuum throughout, while the third 
indicates the classification of the lines, the justification for which will appear 
later. 


Table [a.—Other Lines which appear in the Photographs. 





Avac (Int.). | Probable origin. | Avae (Int.). 





Probable origin. 
2073-87 (1) pee 1769-20 (00) Al 
2072-68 (0) 1763-93 (1) ALIL 
2026-49 (1) Mg I 1762-95 (0) All? 
1936-45 (2n) 1745-26 
1932-25 (2n) } AIT? 1742-74 NI 
1862-41 (00) ALII 1725-00 (00) ore 
1840-09 (0) Ca II* 1721-30 (00) 
1816-98 (2) ae 1670-78 (2) ALT 
1808-09 (1) | 


* The other component of the Ca pair is masked by Si 1838-00. 


The first three lines in Table J are the strongest of those photographed in 
the near infra-red by McLennan and Shaver.* Following these are 14 lines 
for which the new solar wave-lengths on the International scale have been 
adopted} ; these are slightly different from the values given in the previous 
table, and 2 5754-240 has been added to the original list. No change has been 
found necessary from 3020 to A 2208, except that three faint lines have 
been added. From the next line at A 2124 to 1841, however, new wave- 
lengths have been substituted for those previously published, and several 
faint lines which are believed to be due to silicon have been included. Many 
of the lines of shorter wave-length than 1841 appear to have been observed 
in the vacuum are by McLennan and Shaver, but only approximate wave- 
lengths were given by these observers. 

Lines which appear in the photographs but have not been included in the 
general table are indicated in Table [4 ; it is possible that some of these may 
obscure lines of silicon. Lines for which wave-lengths have been calculated 
in the manner already explained are marked with an asterisk. 


Predicted Terms. 


The terms corresponding with the various electron configurations of Si I 
are indicated in Table II. The notation is similar to that adopted in previous 
* * Trans. Roy. Soc. Canada,’ vol. 18, p. 21 (1924). 


+ Revision of “‘ Rowland’s Preliminary Table of Solar Spectrum Wave-lengths,” by 
C, E, St. John and others, Carnegie Institution, 1928. 
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Table L1.—Predicted Terms of Si I. 


Effective | Term 


l, 2, 23 oy Be 35 4, 4, 4, 4, 5) Be 6, — prefix. Terms. 

ion. 
2 2 6 2 2 3 p* 3p | 7P Ip 15S 
2 2 6 2 1 1 sp.s 48 7 4p 
213236/183 sp 3p" | '§ 8D 3p sg 1p 1p 
2 2 6 > 3 l &p.p *4 "1D *P 38 ID IP 1§ 
2 2 6 - oe sp.d 3d | sf *p 3*P IF 'D IP 
2 2 6 2 1 1 ep.e 7 i! ee vg 
2 2 6 ee i | &p.p 5p | 7-> *P 8 *D *P 
2 2 6 2 1 1 | &p.d 4d 7 8D *p iF 1p Pp 
2 2 6 2 J 7 i 4f | 3G SF 68D 1G hUUF UUD 


> ’ 
ee 


* The principal combinations of this row of terms are outside the range of the observations, in the infra-red. 





papers, terms in each row being prefixed by the n, designation of the wander- 
ing electron; in the special case of the configuration sp*, the adopted prefix 
is 3p’. Combinations between terms on different rows, other than 3p’, are 
governed by the condition Ak = + 1 (4 = 1, 2, 3, ... for s, p, d, ...), and by 
the rule for inner quantum numbers associated with the term symbols, namely 
Aj = +1 or 0, with 00 forbidden. Combinations of the p’ terms with 
the others follow the rule AA = 0, so that of the terms shown in the table only 
the p terms can combine with the p’ terms, always subject to the inner quantum 
rules. These conditions are equivalent to the rule for permissible electron 
transitions; namely, that A% = + 1 for one electron, and Ak = 0 or 2 for 
a second electron when two transitions occur together. 


Identification of Terms. 


The terms which are believed to have been identified are indicated by heavier 
type in Table II. They are shown, with the observed combinations, in Tables 
III and IJTa. There can be little doubt as to most of these, but some of the 
assignments presented considerable difficulty in the first instance. In par- 
ticular, it should be noted that the 3p’ and 3d terms yield similar combinations 
with the deep 3p terms, so that the 3p’ terms might have been called 3d, and 
subsequent d terms 4d and 5d. In support of the assignments adopted, how- 
ever, the first 7D term does not appear to be in reasonable sequence with the 
second and third, and it has accordingly been identified as 3p’*D. Again, 
the terms designated by 3p’®P and 3p’1D, do not appear to be followed by 
other terms related to them in Rydberg sequences, as would be expected if they 
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7 ‘ Roy. Soc. Proc.,’ A, vol. 117, p. 317 (1928) ; vol. 118, p. 34 (1928). 
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7 Jaa ; im 
~2t* ins 1 ae a . . . . 
= y sr Vs Dt ble I1I.—Combinations in Sil. 
| 3p, 3p 3p °P 3p*D 3p 
| 6s766-00 65667-94 65541 -86 59466-33 5080-90 
v 146°08 6075°53 9095-43 
39605- 89 (9) 
» 77-14 
26004-91 39760 -04 (7) 39683 -03 (8) 39537-01 (10) | 33461-39(5)  24365-89 (5) 
Iva°79 
25810-12 39877 - 83 (10) 39731-73 (15) | 33656-27 (2) 
2473-40 40991-64(3)  40914-54 (3) 40768-42 (3) | 34692-97(10) 25597-61 (10) 
"8D, 20488-94 45276-09 (2) 45198-92 (2) 45052 -96 (1) 
17-05 
& D, 20471-89 | 45216-07 (3) 45069-96 (2) 
20 D, 20443-54 45098 -32 (4) 
ol 8) 
SBD, 18413-72 *47274-22 (0) *47128-14(1) | 41052-61 (8) 
gz 4 
ay’ *P, 15265-+5 50422 +3 (4) 50276-4 (6) 
— 66-3 
= P, 15199-2 50565 -8 (3) 50488-7 (3) 50342 -6 (4) 
— — 36-0 
3 Py 15163-2 50524-7 (3) 
© 
N 
wr, 12403-61 *53138-3 (2) | 47062-72 (10) 
© , 
BP, 12378-33 *53386-7 (2) *53309-6 (2) *53163-5 (0) |*47088-00(2) —37992-57 (5) 
= | 
(25D, 11580-2 54185-0 (3) 54107-6 (3) 53961 -6 (1) 
19°9 
5 D, 11560-3 54127-8 (4) 53981 -4 (3) 
itn 52-0 
wg D, 11508-3 54033 -6 (5) 
D) 
ns 
Sd, 11506-2 47960-09 (2) 
= 
Bp, 11520-5 54167-4 (2) 
iQ 68-8 
P, 11451-7 *54313-3 (2) *54236-2 (2) *54090-1(2) |*48014-58(1) 3891. 9- 15 (2) 
214-0 
P, 11237-7 54450-2 (2) 54304 -2 (3) 
“a 
53'P, 10894-4 *54870-6 (2) *54793-6 (00) §4647°5 (2) |*48571-95 (5) 3947652 (2) 
23d*P 9262-8 t 56425-1 (0) 56279-0 (2) | 50202-3 (2) 
* Calculated values. + Masked by 56503 (3). 
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Table I1I—(continued). 
3p *Py 3p *Py 3p *P, 3p *D, 
65765-00 65687-94 65541 86 59466 -33 
77°06 146°08 6075-53 9095.43 
*58802-0(2)  *58724-9 (2) *58578-8 (0) | *52503-3 (2) 
4d'F, 6872-5 58669+3 (3) | 2593-9 (8) 
1 4d*D, 6788-8 589762 (2) — #{58899-1] [58753-0] 
= 55+5 
D, 6733-3 58954-6 (3) 58808-6 (2) 
a 87-0 
is D, 6646-3 58895-6 (4) 
gs 
Sy,  4d"D, 6647-1 52819-2 (5) 
8) 6s8P, «6544-3 59143-6 (1) 
= §2+7 
5 P, 6491-6 | 59274-0 (0) 59196-1 (1) 59050-0 (1) | 5297-4 (2) 
Ee 231° 
a P, 6260-1 59428-3 (1) 59281 -4 (1) 
BD  6s*P, 6129-3 53336-2 (3) 
4d 9P 2 5755-3 60009-6 (1) —-59933-0 (1) 59786-4(2) | 53712-6 (00) 
SS bd'P,? 4459-9 550064 (0) 
& sa, 4341-6 61201-4 (1) | 55124-7 (6) 
"gs S5dD, 4189 55277 -6 (4) 
& 7 P, 3895 55581 -5 (2) 
as 5d3P? 3829 61934 (1) 61860 (1) 61714 (1) 55637 (1) 
é 6 6d'F, 2997 56469 (3) 
- 
3 a, 2963 62803 (1) 62725 (1) 62580 (1) 56503 (3) 
a 6dD, 2817 62869 (0) 62725 (1) 56652 (3) 
8s1P, 2636 56830 (2) 
7d°D, 2008 57458 (2) 
9s1P, 188] 57585 (00) 


* Calculated values. + Masked by 58895-6 (4). 
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were 3d °P and 3d!D,. There appears also to be a definite range of higher 
term values associated with 3p’ as compared with those distinguished by 3d ; 
with the identifications adopted, the deepest 3d terms range about 12000, as 
in many other spectra. The assignment of the 3p’ terms is also supported by 
comparisons with the P II spectrum, as will appear later. 

The arrangement of the deeper terms in Table III is similar to that given 
empirically by McLennan and Shaver,* and afterwards interpreted in relation 
to electronic configurations by Hund.} More precise values of the terms have 
now been determined, and numerous additional terms have been identified. 
Many of the new terms are established by confirmatory combinations, but 
the identification of some of them depends upon extrapolation from preceding 
terms. The more doubtful identifications are indicated by a ? mark. 

The triplet series 3p 7P — ms*P, of which three members have been com- 
pletely observed, is fully established by combinations, and may be used with 
confidence for the determination of term values. Of the series 3p *®P — md *D, 
however, only two members have been identified. The 3p*P — md%P is 
either feeble or missing, and the partial identifications shown in the table are 


* Loc. cit. 
T ° Zeit. f. Phys.,’ vol. 33, p. 335 (1925). 
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Table 111a.—Less Refrangible Combinations in Si I. 
4s 8P, 43 °P, 48 5P, 481P, 3d1F, 
Terms. 26082 +05 26004-91 25810-12 24773 +40 12403-61 
Av 77-14 194-79 
» 1D ,? 22652 | 10248 (10) 
4p3S, 15873 | 10131 (5) 8902 (8) 
: 
: | 
25p"*D, 8762-28 | -17819-77 (1) 
14°56 
D, 8747-72 | 17257-19 (2) 
180-54 | 
D, 8567-18 17242-94 (3) 
S5p3P, 8469-33 17535-58 (1) 
32-90 
5S P, 8436-43 17645-61 (1) 17568-49 (2) 17373-68 (0) 
ED 139+47 
(EP, 8296-96 17707-94 (1) 17513-17 (5) 
 bp'S, 7967-23 16806+17 (5) 
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possibly somewhat doubtful ; there is evidence from P II and § IIT, however, 
that the d*P separations may be so small in Sil as to be unresolvable in the 
present series of photographs. 


Term Values. 


Several series of more than two members are available for the determination 
of term values. It will be of interest first to consider the series 3p 7P — ms *P. 
Using the Hicks’ formula with the lines indicated below, and observing from 
Table III that 3p°P, — 3p%P, = 77-1, 3p%P, — 3p'D, = 6298-7, the 
term values shown are readily obtained. 


3p ®P, — 4s ®P, = 39606 ) 
— 5s °P, = 54167 
— 6s 8P, = 59144 J 

3p ®P, — 4s 9P, = 39683 
— 5s®P, = 54236 
— 6s®P, = 59196 J 


v = 65668 — R/[m + 1-12594 — 0-07397/m} 
3p 8P, = 65745; 3p1D, = 59446. 


yv = 65702 — R/fm ++ 1-13359 — 0-07991 /m?? 
3p °P, = 65779 ; 3p1D, = 59480. 


3p *P, — 4s°P, = 39878 
— 5s ®P, = 54450 
— 6s *P, = 59428 


v = 65952 — R/[m + 1-12617 — 0-07469}? 
3p 8P, = 66029; 3p1D, = 59730. 


Other series taken from the same multiplets necessarily give the same values 
for the components of 3p 3P when corresponding components of s °P are taken 
for calculation. 

It will be seen that s#P, and s*P, give approximately the same limits, 
whilst s*P, leads to a considerably greater value. This was to be expected 
from Hund’s theory, according to which, in the present spectrum, s*P) and 
s *P, tend towards the limit 2P, of Si II and s 8P, towards the limit?P,. These 
limits differ by 287 units of wave-number,* and the mean of the above values 
from s*P, and s*P, is actually smaller than that from s°P, by 267 units. 
The agreement is as close as can be expected, in view of the inadequacy of the 
series formula and the possible errors of wave-numbers in the Schumann 
region. 

If the mean value (65762) be adopted for 3p %P,, all other sets of corre- 
sponding terms which tend to the limit 2P, will form Rydberg sequences. 
For those tending to the limit 2P,, however, the values directly determined 
from the combinations, as they appear in Table III, will only form Rydberg 


* A. Fowler, ‘ Phil. Trans.,’ A, vol. 225, p. 24 (1925). 


; 
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sequences when they have been increased by 287. In other words, for terms 
which tend to the *P, limit, the values determined from formule must be 
diminished by 287 units in order to refer them to the lowest level 3p *P,. 

According to Hund, all the singlet series of Sil should tend towards the 
limit 2P, of Sill. This is apparently true of the series 3p1D, — ms'P,, for 
which the data and a Hicks’ formula are given below :— 


3p1D, — 4s'P, = 34693 (10) 
— 5s1P, = 48572 (5) ) v = 59714 — R/[m + 1-16731 — 


— 6s'P, = 53336 (3) 0-05803 /m 
— 7s1P, = 55581 (2) 3p'D, = 59714; 3p3P, = 66013. 
— 8s1P, = 56830 (1) 

— 9s'P, = 57585 (00) 


Extrapolation to the first line gives O — C = — 356, and to the last + 12 and 
+13 units of wave-number respectively. If the identification of the last 
two lines be correct, as seems probable, the term values above deduced are 
rather too small, but it is sufficiently clear that the series under consideration 
tends to the same limit (7P,) as the s °P, terms. 

The remaining singlet series present considerable difficulty. The strongest 
of them is 3p1D, — md'*F,, for which the data are as follows :— 


3p 1D, — 3d1F, = 47063 (8) ) v = 59572 — R/[m + 0-97325 — 
— 4d1F, = 52594 (8) 0-02281 /m]? 
— 5d1F, = 55125 (6) 3p1D, = 59572; 3p P, = 65871. 
— 6d1F, = 56469 (3) 


! 


/ 


The choice of the last line appears to be justified by the fact that the formula 
gives the wave-number as 56492, and by its appearance with undiminished 
intensity in potassium fluo-silicate, as in the case of the preceding members of 
this series. The inclusion of this line, however, modifies the calculated lmit 
of the series very considerably. Thus, the last three lines give the formula 


v = 59482 — R/[m + 1-100325 — 0-326836/m/? 


from which the calculated value of the first line is 46759 (0 — C =+ 306). 
If all four lines are included in a formula with a second correcting term, 6 /m?, 
the limit becomes 59453. This is nearly the mean of the two values deduced 
from 3p °P, — ms *P,,, and it seems probable that, in opposition to Hund’s 
theory, the singlet DF series tends to the limit *P, of Sill. Other dis- 
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cordances with the theory of limits have been found by Shenstone* and by 
Lang and Laporte. 
The singlet 3p'D, — md*D, series appears to consist of the lines shown 
below :— 
3p'D, — 3d4D, = 47964 (2) 
— 4d1D, = 52819 (5) — 
— 5d'D, = 55278 (4) — 
— 6d1D, = 56652 (3) 
— 7d1D, = 57458 (2) — 
The formula has been calculated from the second, third and fifth lines. The 
first line, if correctly identified, is abnormally weak as compared with succeed- 
ing members of the series, but it appears to be the only observed line available. 
The second and third lines, as will appear from Table III, are remarkable as 


] vy = 59737 — R/[m + 0-89538 ++ 
026220 /m|2 
3p 1D, = 59737; 3p =P, = 66036. 


giving dD, terms which are practically identical with d *D, terms; they appear, 
however, to be too strong to be regarded as 3p1D, — 3d, 4d *Dg, especially 
as 3p1D, — 3d, 4d°D,, which would be expected to be still stronger lines, 
are missing. ‘The fourth line has been chosen in preference to 56622 because, 
like the second and third, it is much weakened in potassium fluo-silicate, while 
56622 is scarcely affected, as compared with its appearance in elementary 
silicon. The selection of 56652 is also supported by the apparent combina- 
tions of 6d*D, with 3p%P,,. The series, however, is not very closely repre- 
sented by a Hicks’ formula; by extrapolation with the formula given above, 
the wave-number of the first line appears as 47757 (O — C = +- 207), while 
the computed value for the fourth is 56635 (0 —C=-+17). A formula 
calculated from the second, third and fourth lines gives 3p! D, = 59805 ; 
and if 56622 be substituted for 56652, 3p'D, = 59686. Thus, while the series 
is not well represented by formule, it is reasonable to conclude that it leads 
to a value for 3p *P, similar to that deduced from 3p 3P, — ms *P., and that 
the d*D, series tends to the limit ?P, of Si IT, in agreement with theory. 

The series 3p'D, — md'P, is very feebly represented. The identification 
of the first two members is strongly supported by combinations, but the choice 
of the third depends upon extrapolation from the first two, and the order of 
occurrence of adjacent terms. Details of the series are as follows :— : 
3p'D, — 3d'P, = 47088 (2) | v = 59436 — R/[m + 0-97305 + 

— 4d'1P, = 52503 (2) 0-01617 /m}? 
— 5d1P, = 55006 (0) 3p1D, = 59436; 3p 3P, = 65735. 

* * Phys. Rev.,’ vol. 31, p. 317 (1928). 

+ ‘ Phys. Rev.,’ vol. 31, p. 763 (1928). 
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The value of 3p *P, thus determined suggests that the dP, series tends to the 
*P, limit of Si I, in opposition to theory, but the evidence for this is not very 
conclusive, in consequence of the few observed members of the series. 

If the identifications of the near infra-red singlets shown in Table IIIa be 
correct, another series of three terms becomes available for the calculation 
of term values, namely, 


4s1P, — 3p18, = —25598 ) v = 25022 — R/[m + 0-74580 — 
—4p18, = 8902 0+27340 /m]2 
— 5p'18, = 16806 } 3p3%P, = 66014; 3p1D, = 59715. 


The close agreement of the value for 3p%P,) thus determined with that 
derived from the series 3p*P, — ms*°P, not only indicates that the p48, 
series tends to the limit *P, of Sill, as expected, but strongly supports the 
identification of the two less refrangible singlets which are involved. 

As a result of the foregoing considerations, the term 3p °P,, representing the 
lowest normal state of the Sil atom, has been assigned the value 65765. All 
the other terms shown in Tables [II and IIIa are accordingly based upon this, 
and represent the energy levels as reckoned from *P, of Sill. All the series 
of terms tending to *P, may thus be represented by series formule without 
modification. Those which tend to the *P, limit, however, must be increased 
by 287 units in order that they may form Rydberg sequences. 

The general consistency of the scheme of terms will appear from Table IV 


_ (p. 436), which shows the effective quantum numbers, or Rydberg denomina- 


tors, for the various terms, R being taken as 109737. 
The ionisation potential of Sil represented by the adopted value of 3p *P, 
is 8-12 volts. 


Intensities. 


The intensities of some of the lines show marked irregularities. Thus, the 
first line of the triplet 3p *P — 3d1P, at v 53163 is of intensity 0, while the 
other two members, which would be expected to be weaker, are of intensity 2. 
A similar irregularity is found also in the next triplet of this series, having its 
first line at v 58578. Again, in the triplet 3p ?P — 5s*P,, the middle line at 
v 54793 is very much fainter than the outer members of the triplet. 

It is possible that the intensities of some of the lines, as observed in the are 
by the method adopted for silicon, are affected by absorption due to atmospheric 
gases and to products of combustion. One of the photographs of potassium 
fluo-silicate was remarkable as showing very strong absorption bands of nitric 
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Table [V.—Rydberg Denominators, 

















sp,.* 8p,.* 3p, | 1p. 
48 2-0512 2-0542 2-0506 | 2-0926 
5s 3-0863 3-0956 3-0858 | 3-1328 
6s 4-0949 | 4-1115 | 4-0940 | 4-1356 
79 5-1287 
Se 6-1272 
9s 71145 
| 
3d 2-9744 | 2-9774 | 3-0784 3-0810 3-0502 | 3-0508 | 3-442] 
4d 3-9959 3-9699 | 4-0204 4-0371 3-9785 | 38-9782 | 4-+3667 
5d 5-0275 4-9603 1 | 4-9514 5+ 3542 
6d 5-0506 5-9487 
7d 6-9149 
! 
| sp,.* | sp,.* | 3p, | 1D, | 18, 
| | 
3p 1-2917 | 1-2995 | 1-2911 | 1-3552 1-4718 
4p = sas — | 2-18727| 2-6056 
5p 3:5996 | 3-6066 | 3+5755 | 3-6462 





* The values in these columns have been computed from the corresponding terms shown in 


Table IIL; for the remaining terms the values indicated in Table III have been increased by 
287 units for the calculation of »*. 


oxide,f which totally obliterated many of the lines of silicon. This suggests 
that given small amounts of nitric oxide produced by the arc may be effective 
in reducing the intensities of some of the lines, and it is possible that the low 
intensity of v 53163 may be accounted for in this way. The spectrum of nitric 
oxide is under investigation, in order to determine its possible effects on other 
lines. 

Nitrogen itself produces absorption bands, but the strongest of them lie 
outside the range of the present observations, on the more refrangible side. 


Comparison with P II. 


The elements of successively higher atomic numbers than silicon are phos- 
phorus, sulphur and chlorine, so that SiI, P II, SIII and C1IV form an iso- 
electronic series. The triplets of P II have been investigated in considerable 
detail by Bowen,{ but no account has been given of the singlets of this spec- 


t See Leifson, ‘ Astrophys. Jour.,’ vol. 63, p. 82 (1926). 
{ ‘ Phys. Rev.,’ vol. 29, p. 510 (1927) ; see also a note on P II and Si J in a paper on C1 IV, 
* Phys. Rev.,’ vol. 31, p. 36 (1928). 
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trum. A few of the higher triplet combinations of S III have been identified 
by M. J. Gilles,t and a few of the deeper combinations of Cl IV by Bowen,t 
but in neither case has any determination of term values yet become possible. 
Effective comparison can accordingly at present be made only between the 
triplets of Sil and P U1. 

The terms and triplet separations in the two spectra are shown side by side 
in Table V, and the values of the P II terms, as given by Bowen, are also 





Table V.—Terms of Si | compared with those of P IL. 











Si I. | P IL. | 
| 4v: PIITsil. 
v. dy | v. Av. v/4, | 
¢ 3p ®P, 65765 -00 | 160497 -7 40124-4 | 
77°06 165-3 
Brn P, 65687 - 94  —-:160332-4 40083 +1 2-16 
5 146-08 304-6 
4 P, — 65541-86 -160027-8 4007-0 
Po 4s 3P, 26082 -05 | 73900 -0 18475-0 
Ta 77-14 ) 146-4 
S. P, 26004 -91 ) 73753 -6 18438 -4 1-94 
> 194-79 380-7 
oO P, 25810-12 73372-9 18343 -2 
ae | 
F | 
= 3p’ *D, 20488 -94 95246 -0 23811-5 
a 7-05 20+3 
© D, 20471-89 | 95225-7 23806 -4 1-21 
= 28°35 34-7 | 
a D, 20443 - 54 | 95191 -0 23797-8 
= 3p’ *P, 15265-5 | 83733-9 20918-7 
io) —66°3 —48°4 
& P, 15199-2 83685 -5 20921 -4 | 0-59 
ro —36°0 —11°8 
So P, 15163-2 83674-7 20933 5 
s | 
Ss *4p *D, | 57332-0 14333 -0 | 
ie | 73°65 
A D, 57158 +5 14289-6 
_ | 328-7 | 
D, | 56829-8 14207-5 
: *4p ®P, 55273-2 13818-3 
78-1 
P, 55195-1 13798-8 | 
247-3 
P, 54947-8 13737-0 








* The principal combinations of these terms in Si I are out of range in the infra-red. 


+ ‘C.R.,’ vol. 188, p. 63 (1929). 


t ‘ Phys. Rev.,’ vol. 31, p. 34 (1928). 
VOL, CXXIII,—A. 
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Table V—(continued). — 














sil P Ii. 
y Av v. Av v 

3d *D, 11580-2 5443-1 14110-8 
19°9 48-4 

D, 11560°-3 56394-7 14098-7 
52-0 93°4 

D,; 11508-3 56301-3 14075-3 

P, 9262 ? 50243°-8 12561-0 
38-6 

P, 50205-2 12551-3 

5e*P, 11520-5 37153-3 H288-3 
G8-S J11°3 

P, 11451 -7 37042-0 9260°5 
214-0 435-5 

P,  =—-:11237-7 36606 -5 9151-6 





shown divided by four, for readier comparison with Sil. The last column of 
the table indicates the ratio of the total separations (?P, — *P., etc.) in the 
two spectra. The P II terms, it should be remarked, have been deduced from 
3s ®P and 4s 3P by an uncorrected Rydberg formula, but as this series in $i I 
is nearly Rydbergian, Bowen's values are probably not far from correct. 

Apart from the 3p’ terms, the terms of the two spectra exhibit the kind of 
relation which has been found in other comparisons of the spectrum of a neutral 
atom with that of the singly-ionised atom of next higher atomic number. 
Thus, while the reduced values of the p and s terms of P II are much smaller 
than those of Sil, the d terms are the greater in PII. It will be seen also 
that the total triplet separations are not far from twice as great in P II as in 
Sil. 

The 3p’ terms in the two spectra, however, show striking differences. 
Whereas in Sil these terms are considerably smaller than 4s *P, in P I they 
are considerably greater. The ratios of the separations are also very different 
from those of all the other terms. The only apparent resemblance of the 3p’ 
terms In the two spectra is the inversion in 3p’ 8P. 


Summary. 


By passing an are in nitrogen at atmospheric pressure, and using a vacuum 
spectrograph, the arc spectrum of silicon has been photographed to about 
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4.1600. Many previously unrecorded lines have been observed and the 
analysis of the spectrum has been greatly extended. Most of the deeper 
terms predicted by Hund’s theory have been identified, and several sequences 
of singlet and triplet combinations are available for the determination of 
term values. The deepest term, 3p*P >, has been assigned the value 65765, 
representing an ionisation potential of 8-12 volts. Comparison with singly- 
ionised phosphorus, P II, shows the general similarity expected, but the terms 
arising from the electronic configuration sp* are relatively much greater in 
P IL than in Si I. 


The author's thanks are due to Mr. E. W. H. Selwyn for his suggestion of the 
method adopted for obtaining arcs in nitrogen, and for his skilful manipulation 
of the vacuum spectrograph. Mr. Selwyn was enabled to assist in the investi- 
gation by a grant from the Department of Industrial and Scientific Research. 


DESCRIPTION OF PLATE 18. 


(a) Are spectrum of elementary silicon, A 1600-A 2000. 
(b) Arc spectrum of potassium fluo-silicate, A 1600-A 2000. 
(c) Are spectrum of elementary silicon, A 1800-A 1900. 


(a) and (b) were taken in the first order of a 1-metre metal grating, 15,000 lines per inch. 
The reproduction represents an enlargement of the original negatives by 7} times. 

(c) was taken in the first order of a 1-metre glass grating, 30,000 lines per inch. Enlarged 
13 times in the reproduction. » 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


310 A. Fowler and W. M. Vaidya. 



















In conclusion, the writer desires gratefully to thank Lord Rutherford for 
his continued encouragement and interest in the work, and for gran j ug 
facilities for carrying it out at the Cavendish Laboratory. He also desires te 
express his thanks to the British Thomson Houston Company, Rugby, for 
gift of thyratrons, without which it would not have been possible to carry out 
the tests described. 
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[PLatsEs 14, 15.] 


Introductory. 


The present investigation of the spectrum of the flame of carbon disulphide 
was undertaken in the hope that further ight might be thrown on the process 
of combustion of this substance. Extensive experiments have been made 
in the past, chiefly relating to explosions of mixtures of carbon disulphide and 
other gases, but a perusal of the literature suggests that the nature of the 
reactions which take place in such experiments, or in the ordinary flame itself, — 
is still somewhat obscure.* 

In connection with such experiments as have been made by chemists, the 
only reference to observations with the spectroscope seems to be that made by — 
Dixon and Russell,+ who stated that when CS, was burnt in a Smithell’s flame 
separator, an apparently continuous spectrum was yielded by both the inner 
and outer cones. On the other hand, the spectrum of the CS, flame has been 
described by several spectroscopists, but the records have been incomplete 
and further observations seemed to be desirable. In particular, observations 
over a greater range of spectrum seemed to be necessary, as well as more exact 
measurements of the bands already known to be emitted. With such extended 
observations it appeared possible that our present knowledge of the band spectra 
associated with molecules of sulphur and carbon, and some of their compounds, 


* Bone and Townend, “ Flame and Combustion in Gases,”’ chap. 33 (1927). 
+ ‘J. Chem, Soc.,’ vol. 75, p. 600 (1899). 
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might aid in tracing the reactions which precede the formation of the final 
products of combustion. 
The earlier observations have been summarised in Kayser’s ‘ Handbuch ’ 
(vol. 6, p. 419, 1912). The spectrum of burning sulphur is there described 
as continuous, an increase in the supply of oxygen resulting in the appearance 
of a number of bands, apparently identical with those observed by Hartley, 
and by Eder and Valenta, when sulphur was burnt in the oxy-coal-gas flame, 
and by H. W. Vogel in a flame of mixed carbon disulphide and nitric oxide. 
qi Eder and Valenta* gave the wave-lengths of these bands as 4653, 4610, 4565, 
4525, 4485, 4433, 4193, 4160, 4080, 4044, 3938, 3833. These were at first con- 
sidered to be identical with bands which appear in the vacuum tube spectrum of 
sulphur, but it was afterwards recognised that there were important differences. 

It had also been discovered that the same spectrum of bands was given by 


rg/ on 16 May 20 


sulphur, carbon disulphide, and sulphuretted hydrogen, whether burning 
singly in air, or mixed with hydrogen, oxygen or nitric oxide. It should be 
noted, however, that the observations in question were restricted to the blue 
and violet parts of the spectrum. 

Observations of the CS, flame in the infra-red by Coblentzt revealed an 
emission band at 7-45 u, which was identical in position with an absorption 
band of sulphur dioxide ; while less intense bands at 2-7 uw and 4-35 uw were 
found to correspond with emission bands of carbon dioxide, arising, in part, 
from the combustion of the lamp wick. 

In the course of their observations of substances excited by active nitrogen 
Struttt and Fowler§ found that while the spectrum of sulphur vapour excited 
in this way appeared to have nothing in common with that of sulphur in a 
vacuum tube, it was closely related to that of the flame of carbon disulphide 
burning in air. The flame, however, gave a much stronger continuous 
spectrum than the active nitrogen source, and bands of the latter more 
refrangible than 3400 were much less developed in the flame. The chief 
bands of the CS, flame were placed by Strutt and Fowler at about 2 4480, 
4440, 4310, 4275, 4200, 4160, 4080, 4050, 3940, 3835, 3740, 3680, 3645, 3590, 
$557, 3500, 3420 and 3370, in general agreement with Eder and Valenta in 
the region common to the two sets of observations. The origin of the flame 
bands was not then determined, but their occurrence in the flames of sulphur 
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and sulphuretted hydrogen might have been taken as an indication that 
carbon was not involved in their production. 
The numerous experiments which have been made in the course of the 
present investigation have led to the conclusion that the characteristic flame 
bands mentioned above are due to molecular sulphur, 8,. Many of the bands 
which have been found in the ultra-violet are also due to Sg, while fainter 
bands in this region are to be attributed to sulphur monoxide, 80. Sulphur 
dioxide reveals its presence in some of the experiments by strong absorption 
bands in the ultra-violet. The spectrum of the “ phosphorescent flame” — 
of CS, has been found to include bands of sulphur, sulphur monoxide, and — 
carbon monosulphide. 
Reference Spectra. 
It will facilitate description and interpretation of the various observations 
if reference be made first to the spectra with which comparisons have been 
necessary. 
The Vacuum Tube Spectrum of Sulphur.—The vacuum tube spectrum of 
sulphur consists of a succession of fairly close bands, fading towards the red, 
and extends from the red to about 4 2829, at which point it usually terminates 
somewhat abruptly. An excellent photograph, taken with a 1-metre grating, 
has been given by Hagenbach and Kénen,* and a list of corresponding wave- 
lengths by Ko6nen is given in Kayser’s ‘ Handbuch,’ vol. 6, p. 421 (1912). — 
Photographs with moderate and large dispersion, over the range 1 4800 to 
4 3300, showing a large amount of detail, have also been published by Eder 
and Valenta,t who have tabulated a very large number of the component 
band lines. For convenience of reference, photographs of the vacuum tube 
spectrum with an uncondensed discharge, are reproduced in Plate 15, a — 
and 6. It will be seen that the spectrum may be divided into three parts :— 


(1) Red to about 2 4700; bands nearly evenly spaced. 
(2) 44700 to 4 3000 ; more complex band groups. 
(3) 43000 to 1 2829; evenly spaced bands. 


Absorption Spectrum of Sulphur Vapour—The absorption spectrum of 
sulphur vapour has been studied by several observers. J. I. Graham} observed 
two groups of bands, which he distinguished as the A and B groups, extending 
respectively from 24775 to 13985 and 43415 to 42620. Bands of group A 


* * Atlas of Emission Spectra,’ Plates 25 and 26 (1905). 
} * Denks, Wien. Akad.,’ vol. 67, p. 97 (1898). 
t ‘ Proc. Roy. Soc.,’ A, vol. 84, p. 311 (1910). 
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were attributed by Graham to the molecule 8, and those of group B to the 
molecule 8,, but it now appears that this interpretation is incorrect, all the 
bands being assignable to Sg. 

Observations of the absorption bands of sulphur vapour at different tempera- 
tures have also been recorded by Dobbie and Fox,* but their results do not 
appear to have any immediate bearing upon the present investigation. 

More detailed observations of the absorption of the vapour, in a tube 5 cm. 
in length, at temperatures ranging from 100 to 1000° C., were afterwards made 

aq by Henri and Teves.t According to these observers, at pressures less than 
= 10 mm. and temperatures below 250° C., the vapour consists of 8s and §, 
S molecules, giving only continuous absorption, while above 250° §, appears 
‘© with increasing proportion as the temperature is raised and yields a large 
5S number of bands. At a pressure of 0-05 mm., the bands extended from 
eo 2 2927 to 42713, and as the pressure was increased the number of bands 
pimcreased very rapidly, extending to 42475 on the ultra-violet side, and to 
i 3700 towards the red with a pressure of 53 mm. 

A vibrational analysis of the system was made by Rosen,{ as a result of the 
study of the spectra in absorption and in “ white-light fluorescence,” in 
conjunction with a study of the progressions of lines in the fluorescence excited 
with a quartz mercury lamp (the so-called “resonance spectrum”). Absorption 
ands were roughly measured over the range (3565 to 22548, and the 
uorescence bands from 25720 to 42920. The fluorescence bands appear to 
have been, in the main, identical with bands which occur in the vacuum tube 
spectrum. 

The general appearance of the absorption bands may be gathered from 
Plate 14, k, which was taken with a quartz spectrograph of moderate dispersion, 
sufficient to show some of the fine structure. 

Absorption of Sulphur Dioxide (SO,).—S8O, exerts a powerful absorption 
and exhibits three groups of bands in the ordinary range of observation with 
@ quartz spectrograph. Garratt and Baly§ measured 20 bands between 
43182 and 22802, 21 between A 2789 and A 2427, and 14 between A 2334 
and 42107. The first of these groups was afterwards observed with greater 
dispersion by Dr. Frances Lowater.|| Henri{ has placed the first and second 


* * Proc. Roy. Soc.,’ A, vol. 95, p. 484 (1919). 

+ ‘Comptes Rendus,’ vol. 179, p. 1156 (1924). 
| t ‘ Z. Physik,’ vol. 43, p. 69 (1927) and vol. 48, p. 545 (1928). 
e § ‘ Phil. Mag.,’ vol. 31, pp. 505, 512 (1916). 

| ‘ Astrophys. J.,’ vol. 23, p. 324 (1906). 

{| ‘ Nature,’ February 22, 1930. 
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of Garratt and Baly’s groups in a single group, and has suggested the followi 
division :— 
(1) 4.3900 to 43400; appears at 1 atmosphere or more in a tube of 
100 cm, 
(2) 43370 to 42450; begins to appear at pressure of 0-1 mm. 
(3) 42350 to A 2000: appears at pressures of 0-02 to 10 mm. 



















The first of these groups has not been of sufficient intensity to be noted in 
any of the experiments made durimg the present investigation, but the second 
(Plate 14, b, c, d) and third groups have appeared strongly as absorption bands 
in some cases. The second absorption group has also been observed sometimes 
in ordinary end-on vacuum tubes contaming SO,.T 

Emission Bands of Sulphur Monoxide (SO).—The well-marked bands which 
appear in vacuum tubes containing SO, have been measured, and a vibrational 
analysis given by Henri and Wolff.[ The spectrum consists of bands fading — 
towards the red, and extends from the violet end of the visible region to ) 2400 — 
in the ultra-violet. Over this range there are more than 40 band-heads 
distributed regularly at intervals of 40 to60 A. The structure of this spectrum 
shows that it originates in molecules of SO. The wave-lengths and intensities 
of the bands, compiled from Henri and Wolff's data, are as follows :— 


3941-6 (0) 3428-1 (3) 2877-4 (4) 2622-2 (3) 
3903-6 (1) 3383-2 (6) 2827 -8 (8) 2589-0 (2) 
3862-7 (3) 3314-8 (1) 2791-0 (2) 2581-1 (1) 
3811-8 (5) 3271-0 (10) 2779-9 (1) 2555-5 (0) 
3761-6 (2) 3247 -5 (1) 2744-3 (6) 2548-6 (2) 
3724-7 (3) 3164-7 (10) 2708-6 (1) 2516-4 (1) 
3676-2 (7) 3064-1 (10) 2699-4 (4) 2510-4 (1) 
3628-2 (3) 3007 -9 (2) 2664-8 (5) 2477-7 (1) 
3548-7 (6) 2968-4 (5) 2655-7 (1) 2442-0 (1) 
3502-1 (4) 2915-4 (4) 2630-1 (1) 


Henri and Wolff have concluded that the triatomic SO, molecule is broken up 
by the discharge into an active molecule SO* and an atom of O, the SO bands 
being emitted on the return of the SO* molecule to its normal state. 


+ This absorption probably accounts for the group of bands observed in a vacuum tube 
of SO, by Johnson and Cameron (‘ Proc. Roy. Soc.,’ A, vol. 106, p. 208 (1924) ) and 
described by them as an emission spectrum corresponding with SO, absorption as observed 
by Miss Lowater, 

} ‘J. Physique,’ vol. 10, p. 95 (1929). 
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Carbon Monosulphide (CS).—An ultra-violet band spectrum observed by 
L, C. Martinf in vacuum tubes contaiming CS,, and in the sulphur-carbon are, 
was attributed by him to carbon monosulphide. This has since been confirmed 
by the analysis of the spectrum which has been made by W. Jevons.{ The 
spectrum includes a considerable number of well-marked bands, fading towards 
the red and occupying the region 4 2837 to } 2436. The strongest bands are 
at AA 2693, 2678, 2662, 2606, 2591 and 2579. 

Carbonyl Sulphide (COS).—Dixon and Russell included COS among the 
products of explosions of mixtures of CS, and O., and also as a constituent of 
the interconal gases when CS, was burnt in a Smithell’s separator. As no 
record of spectroscopic observations of this substance could be found, it was 
considered desirable to make experiments to ascertain if it gave any character- 
istic bands, by which its presence in, or absence from, the CS, flame might 
possibly be determined. The substance was prepared by the action of sulphuric 
acid on potassium thiocyanate in accordance with the method described by 
Roscoe and Schorlemmer,§ in which it was obtained as a white solid by con- 
densation at the temperature of liquid air. The boiling point of COS under 
atmospheric pressure is — 47° C. 

The COS vapour was introduced into a vacuum tube in the usual manner 
and was excited to luminosity by the use of a small induction coil. Photographs 
of the spectrum were taken over the range ) 2000 to A 5700. 

With a fresh supply of COS the discharge was bright blue and the spectrum 
was a complicated one, consisting of strong bands of CS and S,, with bands of 
CO (Angstrém bands, etc.) of moderate intensity, while bands of SO were 
extremely faint or absent. In addition, there was a group of bands, fading 
towards the violet, which could not be identified and may provisionally be 
attributed to COS. These bands form a regular system, having the following 
roughly approximate wave-lengths and wave-numbers :— 


— ———— — 
— 











A. | v. Av. 
3077 | 32490 
3043 32853 — 
3009 33224 | 368 
[2976 ]* 33592 377 
2943 33969 | 373 
2911 34342 | 370 





2880 | 34712 | 





"* Falls in a CO group. 
‘ Proc. Roy. Soc.,’ A, vol. 89, p. 127 (1913). 
‘Proc. Roy. Soc.,’ A, vol. 117, p. 351 (1927). 
‘ Treatise on Chemistry, vol. 1, p. 831 (1911). 
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The spectrum of 8, observed in the blue discharge through COS, especially 
in the wider parts of the tube, was somewhat less complex than that of the 8. 
vacuum tube, and the characteristic flame bands were more prominently 
displayed. Sulphur was copiously deposited on the walls of the tube. 

When the discharge had passed for some time the glow became much whiter. 
The bands of CS remained strong, but those of 8, were much reduced in intensity; _ 
bands of CO were much strengthened and bands of SO were also observed, 
though they were not at all conspicuous. The absence, under these conditions, 
of the bands provisionally assigned to COS gives support to the origin suggested 
for them. 

From these experiments it appears possible that the above group of bands 
would serve for the detection of COS in the CS, flame if it were present. 


Spectrographs Employed. 
Most of the photographs for the present investigation were taken with one of 
Hilger’s small quartz spectrographs (E31). Though the dispersion is small, 
it is quite adequate for the comparison of the spectra of the various sources, 
and the use of such an instrument results in a great saving of time. Most of 
the measurements, however, were made on photographs taken with a larger 
quartz spectrograph (22), using the copper or iron arc as a reference spectrum. 
Photographs of the CS, flame and 8, vacuum tube spectra with greater dis- 
persion and resolution, covering the region A 3200 to 4 6100, were also obtained 
in the first order of a l-metre concave grating. These served to give good 
measures of many of the bands, but in some cases the increased resolution 
made it impossible to determine the precise positions of the heads of the © 
bands. 
CS, supported by Ox. 
The experimental results are not here presented in the order in which they 
were obtained, but in the order which it is believed 
will make them most clearly understood. For this 
reason it will be convenient to begin by describing 
the results obtained with a CS, flame into which 
oxygen was blown through a small jet near the base 
of the flame, as indicated in the figure. For produ- 
cing the flame it was found sufficient to put the 
liquid CS, into the bowl of an ordinary spirit lamp 
provided with a cotton wick. 
Observations in Direction A.—When oxygen was blown into the flame, and 
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observations made in the direction A, the spectrum obtained—apart from the 
bright continuous spectrum—consisted wholly of emission bands fading towards 
the red, and extending from the red to the limit of the range of observation 
about A 2200. From the red to about 4700 (Plate 15, d), the bands appeared 
to be identical with the corresponding part of the vacuum tube spectrum 
(Plate 15,4). From 4700 to about 3100 (Plate 14, a), the spectrum was 
much simpler than that of the vacuum tube (Plate 15, b), consisting of the 
most characteristic flame bands which have already been specified. Several 
strong tube bands do not appear in the flame spectrum, and some of the 
flame bands are either absent from or very feeble in the tube spectrum. 
Beyond 43100 the flame and tube spectra are practically identical as far as 
A 2829. From ) 2829 downwards the flame bands are identical with sulphur 
bands observed in absorption (group B of Graham), but beyond A 2700 these 
bands are blended with bands of SO previously tabulated, and observed as 
far as A 2442. 

lt will be seen that the most characteristic part of the spectrum of the CS, 
flame, when observed in the above way, lies in the blue and violet between 
A 4700 and A 3100, in which region the spectrum is quite different in appearance 
from the tube spectrum, although some bands are common to the two sources 
(Plate 15,¢,c’). The vibrational analysis which is given later, however, shows 
quite clearly that these characteristic flame bands can be arranged in a single 
system with the less refrangible and more refrangible groups of bands as 
constituent parts, and since the latter are undoubtedly due to Sg, it follows that 
the characteristic flame bands are also due to 8, molecules. 

All the bands of the flame spectrum as observed in this way are thus accounted 
for by 8, and S8O. There are no indications of Martin’s bands of CS, nor of the 
group of bands which have been provisionally attributed to COS. The presence 
of SO, as a product of combustion, however, is shown in some of the experiments 
described later. 

Observations in Direction B.—When the oxygen-fed flame was observed in 
the direction marked B in fig. 1, the spectrum as a whole remaimed the same, 
but the sulphur bands extending from 43291 to 42570 appeared as strong 
absorption bands, the maximum intensity occurring about 2770 (Plate 14, 
g, k). All of these bands showed rotational fine structure with the dispersion 

of Hilger’s E2 quartz spectrograph. Between 43291 and 43500 the bands 
observed in direction B were very feeble, as if emission and absorption were 
mutually destructive. Photographs showing the reversed bands have been 
very helpful in distinguishing the S, bands from those of SO in the region 
where they overlap when the flame is observed in direction A. 
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The Flame in an Atmosphere of O..—In the first instance, the experiments 
on the CS, flame supported by oxygen were made with the flame enclosed in a 
glass chimney, into which a slow stream of oxygen was passed. The chimney 
was provided with a side tube closed with a quartz window, so as to permit — 
observations in the ultra-violet. 

Under these conditions, the spectrum from the visible to the near ultra- 
violet was the same as that already described, but the predominant feature 
in the ultra-violet was the absorption spectrum of 8Qg, arising from the 
accumulation of this gas in the chimney (Plate 14, c). The second group of 
bands described by Henri, extending from ) 3370 to 42450, appeared very 
strongly, and the third group, below 2350 also appeared when sufficiently 
long exposures were given. In the range of spectrum investigated, these and 
similar observations provide the only spectroscopic evidence of the production 
of SO, in the process of combustion of CS.. 





Carbon Disulphide burning in Nitrous Oxide. 

Experiments similar to those made with oxygen were repeated with the 
substitution of N,O as the supporter of combustion. When burnt ina chimney, 
the spectrum was similar to that observed with oxygen, but the continuous 
spectrum was possibly less intense relatively to the bands in the blue (Plate 
14, b). Under these conditions, bands of SO also appeared in the region A 2600 
to 42400. When a jet of nitrous oxide was directed on to the flame, absorption 
bands of S, were observed as in the corresponding experiment with oxygen. 


CS, burning in At. 

The flame of CS, when burning in the ordinary way in air showed a spectrum 
(Plate 14, e) very similar to that of the flame when oxygen was blown in and 
observations made in the direction B of fig. 1. That is, the 8, bands in the 
green, yellow and red, and the more characteristic flame bands of 5, in the 
blue and violet, appeared as emission bands, while the more refrangible bands 
appeared in absorption. To bring out the latter feature, exposures of the 
photographic plates were somewhat prolonged. Beyond the absorption bands 
there were faint indications of the emission bands of SO which occurred in the 
oxygen-fed flame. No indications of the CS or “ COS ” bands were found in 
these observations. 

It would thus appear that with the restricted supply of oxygen provided by 
ordinary air, the sulphur vapour arising from the decomposition of CS, in 
the flame was not quickly consumed to form 8O,, but accumulated in sufficient 
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quantity around the flame to produce the observed absorption of 8, bands in 
the ultra-violet. As previously noted by others, a heavy deposit of sulphur 
was obtained when a cold surface was inserted in the flame, but no deposit 
of carbon, 

When the CS, was burnt in air, inside a chimney, the spectrum (Plate 14, d) 
showed the usual flame bands from the visible to the near ultra-violet, but the 
SO, absorption bands of Henri’s second group came out very strongly, oblitera- 
ting the §, absorption bands and the remainder of the ultra-violet. 

Further experiments on the CS, flame in air were made with a Smithell’s 


= 
N 
= 
N 


> Separator, which permitted independent observations of the inner and outer 
= cones. In place of the usual two concentric tubes with the inner one fixed 
= on a burner, it was found convenient to use the burner itself for the inner 
5 cone, so that only one tube was necessary. This tube was of silica glass, 7 cm, 
Pin length and 1-5 cm. in diameter, and the burner was of the “‘ micro-burner ” 
eh type, giving only a small flame. By means of a water pump and a large jar, 
-S air under a small pressure was bubbled gently through carbon disulphide, heated 
i: to 27° C., and thence to the micro-burner. With suitable adjustment of the air 
Ssregulator and of the height of the silica tube, the flame was readily separated 
-5 into two cones, which burned very steadily. With this arrangement, the outer 
@ cone was about 4 cm. in length and the inner one 2cm. To avoid undue 
> accumulation of SO, in the space surrounding the inner cone, the silica tube 
= was provided with a short side tube in the direction of the spectrograph, this 
& tube being left open to the air. There was a striking difference in the appear- 


t 


ance of the two cones, the outer one being pale blue and not very luminous, 
while the inner one was of a lilac colour and considerably brighter than in 
the ordinary flame in air. 

The outer cone gave a spectrum which was not distinguishable from that of 
the normal flame in air. That is, it showed the characteristic emission bands 
of 8, in the blue and near ultra-violet, absorption bands of S, in the ultra- 
violet, feeble indications of SO bands, and a fairly strong continuous spectrum. 

The inner cone also showed the characteristic flame bands, but differed 
from the outer cone in showing the 8, bands in the ultra-violet in emission, 
as in the flame fed with oxygen and viewed in the direction A of fig. 1. The 
emission bands were traced as far as A 2900, and beyond this there were feeble 
indications of SO bands. The continuous spectrum was fairly strong and 
_ appeared to be relatively stronger in the visible spectrum as compared with 
the continuous spectrum given by the outer cone. 
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Other Sources of Flame Bands. 


Sulphur Arc in Avr.—In his investigations of the bands of carbon mono- 
sulphide, Martin included observations of the spectrum of sulphur in the 
carbon arc. Successful results were obtained by using a hollow carbon well 
charged with sulphur as the upper (positive) pole, which secured a steady flow 
of sulphur into the arc. In addition to bands of carbon and cyanogen, the 
spectrum showed faint bands of sulphur and the bands of carbon mono- 
sulphide. By surrounding the are with sulphur vapour from a test-tube in 
which sulphur was boiled, the intensity of the monosulphide bands was 
increased, and sulphur bands from ( 2800 towards the red appeared as absorp- 
tion bands. 

A further examination of Martin’s photographs, which were taken at the 
Imperial College, has revealed the additional fact that the characteristic CS, 
flame bands in the region A 4700 to 4 3400 were quite prominent in the arc 
spectrum, so far as they were not obscured by bands of carbon and cyanogen. 
The reversed bands of sulphur extended considerably further towards the red 
than those which appear in the flame, namely, to the band 3417. The 
sulphur bands on the red side of the more characteristic flame bands were also 
fairly well developed in the are. 

Thus, the spectrum of sulphur produced in the are is essentially identical 


with that of the CS, flame in air, or with that of the flame fed with oxygen and ~ 
observed in the direction B shown in fig. 1. The greater encroachment of — 


the ultra-violet absorption bands towards the red is probably to be attributed 
to the higher temperature of the arc. 

The Flame of Burning Sulphur—tThe pale blue flame of sulphur burning in 
air shows the characteristic bands of the OS, flame in the blue and violet, but 
they are somewhat indistinct on account of the greater brightness of the 
continuous spectrum. In addition, as noted by Strutt and Fowler (loc. ctt., 
p. 112), there is another group of bands in the region A 3200 to A 3000, which 
there is now no difficulty in identifying with absorption bands of 80,. The 
continuous spectrum extends far beyond 3200 and shows feeble indications 
of the emission bands of SO. 


When the sulphur flame was intensified by burning in a chimney supplied | 


with oxygen, the spectrum only appeared to differ from that of the flame in 
air in the greater intensity of the SO, absorption. 

Flame of Hydrogen Sulphide (H,8).—In addition to the characteristic flame 
bands of CS,, the flame of H,8 showed the band of HO at 4 3064. Otherwise, 
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the spectrum was similar to that of burning sulphur, except that SO, absorption 
was less developed. 

Sulphur in Active Nitrogen.—The blue glow of sulphur vapour in active 
nitrogen was found by Strutt and Fowler to give a spectrum closely related 
to that of CS, burning in air. But whereas bands more refrangible than A 3400 
were very feeble in the flame, they were well developed in active nitrogen as 
far as } 2800, where the spectrum ended abruptly, as in the vacuum tube. 
The active nitrogen source was also remarkable for the practically complete 

aq absence of continuous spectrum. One of the photographs, taken with small 
dispersion, is reproduced in Plate 14, h. 

A re-examination of the photograph has confirmed the foregoing description. 
© Except for the feebler continuous spectrum, the active nitrogen source is similar 
= to that of the CS, flame fed with a jet of oxygen and viewed in the direction A 
‘oof fig. 1. That is, the spectrum consists of a continuous succession of emission 
spbands of sulphur. Strutt and Fowler’s statement that this spectrum has 
= nothing in common with that of the sulphur vacuum tube, however, requires 
= amendment. Beyond 3400 the bands are all present in the vacuum tube 
@.spectrum, and some of those between A 3400 and 4700 are also observed in 
2 the tube. The general appearance of the spectrum in the latter region, 
© however, is very different from that of the vacuum tube (compare ¢ and c’, 
Plate 15). 

CS, in Active Nitrogen.—Two groups of bands were observed by Strutt and 
8 Fowler i in the spectrum given by CS, in active nitrogen. The first consisted 
= of the characteristic flame bands, which, however, were only well developed 
6 on the red side of 43700. The second group consisted of bands, also degraded 
is to the red, occurring in the region A 2920 to A 2550. These bands also appeared 
5 in the vacuum tube spectrum of impure SO, and it is now perfectly clear that 
= they were identical with SO bands tabulated by Henri and Wolff. This}will 
= appear from the following comparison of wave-lengths :— 


s://royalsoc 


m 


A(S. & F.). ASO. A(S. & F.). ASO, 
2920 2915-4 (4) 2665 2664-8 (5) 
2830 2827-8 (8) 2620 2622-2 (3) 
2785 2779°9 (1) 2592 2589-0 (2) 
2745 2744-3 (6) 2550 2548-6 (2) 
2700 2699-4 (4) 





The wave-lengths given by Strutt and Fowler were only considered as rough 
approximations, so that the agreement is satisfactory. Further,” direct 
VOL. OXXX1I.—a, Y 
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photographic comparisons of the spectrum with that of the SO, tube have left 
no doubt as to the identity of the two sets of bands. Beyond 3837 the 
intensity of the sulphur bands falls off very rapidly in the active nitrogen 
source, and the spectrum then consists almost entirely of the bands of SO, 

It should perhaps be recalled that traces ef oxygen or some other substance 
are necessary for the production of the afterglow of nitrogen,* so that there 
is no difficulty in accounting for the presence of SO molecules in the reaction — 
of the nitrogen with carbon disulphide. 

It may be further noted that in this source the only spectroscopic evidence 
of the presence of carbon is that afforded by a weak band of CN at A 3883. 





The Phosphorescent Combustion of CSg. 


As first recorded by G. 8. Turpin,t the vapour of CS, may be made to glow 
without bursting into flame by passing the vapour into a heated flask. Under 
these conditions Turpin observed that a reddish-brown volatile substance 
containing carbon and sulphur was deposited and that SO, was produced in 
abundance, while there was little, if any, CO or CO,. Dixon and Russell{ 
afterwards found that the glow could be maintained indefinitely by passing 
a stream of air and oxygen over the liquid CS, and through a tube heated to 
200° C. Extensive experiments on the slow combustion of CS, and other 
substances, by the heated tube method, have also been made by Gill, Mardles 
and Tett§ in the Air Ministry Laboratory, but no spectroscopic observations 
appear to have been attempted. 

The first records of the spectrum of the phosphorescent glow were obtained 
by H. J. Emeléus|| in Professor Baker’s laboratory at the Imperial College. 
Even with small dispersion and rapid plates, very long exposures, ranging — 
from 40 to 250 hours, were found necessary to give photographs of sufficient — 
density. 

Further investigations of this spectrum have been commenced, but it seems 
desirable meanwhile to state the general results of a re-examination of Emeléus’s 
plates, which have been kindly placed at our disposal by Professor Baker. 
As described by Emeléus, the spectrum of the CS, glow consists of two groups 
of bands shaded to the red, one in the blue and violet extending from A 4530 






* KR. J. Strutt, ‘Proc. Roy. Soc.,’ A, vol. 91, p. 303 (1915). 
| * Brit. Assoc. Rep.,’ 1890, p, 776. 

{ ‘J. Chem. Soc.’ vol. 75, p. 600 (1899). 

§ ‘ Trans. Faraday Soc.,’ vol. 24, p. 574 (1928). 

| «J. Chem, Soc,,’ vol. 128, p. 2948 (1926). 
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to 43400, and the other in the ultra-violet, occupying the range 3100 to 
42485. The region intermediate between the two groups is apparently 
continuous, 

The first group was observed by Emeléus to be closely related to the corre- 
sponding part of the spectrum of the normal CS, flame. This has been con- 
firmed by direct comparison of photographs of the two sources. It has been 
noted, however, that certam bands which occur in the flame are relatively 
weaker in the glow, the bands which retain their intensity being chiefly those 
which fall in the uppermost row (v’ = 0) of the table showing the vibrational 
analysis of the flame bands which is given later (Table II). This simplification 
is presumably associated with the lower temperature of the phosphorescent 
glow. 

The second group of bands, as appears from the photographs reproduced by 
Emeléus, is not much less intense in the glow than the first group, whereas 
it is very feeble in the ordinary flame. From re-measurements of the plates, 
and by direct comparison with the SO spectrum as given by a vacuum tube 
containing SO,, it resulted that many of the bands of the second group were 
identical with Henri and Wolfi’s bands of SO. This conclusion, as was after- 
wards found, had already been reached by V. Kondratjew,* in a comparison 
of the observations of Emeléus with those made by himself on the glow of 
sulphur vapour in a heated flask containing oxygen at alow pressure. Some of 
Kondratjew’s identifications with bands of SO, however, were based only upon 
calculations from Henri and Wolff’s formula for the SO bands, and are probably 
incorrect. Emeléus’s second group actually consists of bands of SO, fading 
out considerably after 4 2800, with bands of CS superposed upon them. The 
latter naturally do not occur in Kondratjew’s photographs of the sulphur 
glow and their approximate agreement with calculated bands, not actually 
observed in the SO spectrum, can only be considered as accidental. 

Numerical details are reserved until additional photographs of the glow 
spectrum have been obtained, but this preliminary investigation appears to us 
to have established the presence of bands of 8,, SO and CS im addition to a 
continuous spectrum of moderate intensity. 


Wave-lengths of CS, Flame Bands. 
The wave-lengths, intensities (maximum = 6) and wave-numbers of the 
heads of bands occurring in the CS, flame spectrum are given in Table I. 
The vibrational quantum numbers, v’, v’’, of the bands are also indicated. 


* * Z, Physik,’ vol. 63, p. 322 (1930). 
Y 2 
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Table I.—S, Bands in Flame of CS, + Og. 
(v’v’) | d Int | y (vv). A Int, v. (v’v”). | d Int. 
(9, 30) 6165-7(1) | 16214 || (0,14) 4523-5(2) | 22101 || (2,2) 3216-1 (2,2) | 
(8, 29) 6102-6 (2) | 16382 || (2, 15) 4478-8(4) | 22321 || (4,3) 3203-2 (2,2) | | 
(7, 28) 6040-4 (2) | 16551 || (1, 14) 4433-6 (6) | 22549 || (3,2 3171-5 (2,3) | 3 
(6,27) | 6980-4(1) | 16717 || (0,13) 4395-0 (2) | 22747 || (5,3 3161-1 (1,1) | 3 
(9, 29) 5962-1(3) | 16768 || (2,14) 4355-0 (2 22956 || (2,1 3143-7 ne D4 
(8, 28) 5901-0 (4) | 16942 || (1,13) 4311-0(6) | 23190 || (4,2) 3132-4 (3,4 
(7, 27) 6840-2 (4) | 17118 || (0,12) 4274-4(3) | 23389 || (3,1) 31015 (1,3 
—= (6,26) 5782-1(2) | 17290 || (1,12) 4193-8(6) | 23838 || (5,2) 3091-7 (5, 4 
“ (9, 28) 5769-7 (3) | 17327 || (0,11) *4157-2(5) | 24048 || (4,1) 3063-6 (3, 4 
“I (8,27) 5709-6 (4) | 17510 || (1, 11) 4081-0 (3) | 24497 || (6, 2) 3054-9 (3, 3) 
> (7, 26) 6651-7 (4) | 17689 || (0,10) *4045-8(6) | 24710 || (3,0) 3033-1 (, 2) 
S (6, 25) 5596-1 (3) | 17865 || (1, 10) 3973 (1) 25160 || (5,1) 3024-8 (4,5) | 3 
= (8, 26) 5530-1 (3) | 18079 || (0,9) *3939-1(6) | 25379 || (7,2) 3018-0 (2, 1) | 3 
\O (7, 25) 5472-5 (4) | 18268 || (2, 10) 3909-6 (1) | 26571 || (4,0) 2997-0 (1,2 
(6,24) 5418-7 (4) | 18449 || (0,8) *3837-3(6) | 26053 || (6,1) *2989-7 (4, 4} | 
5 (5, 23) 5359°7(3) | 18653 || (2,9) 3811 (1) 26232 || (5,0) 2960-1 (2,3) | 3 
~ (4,22) 5309-9(3) | 18828 || (0, 7) *3740-0(6) | 26730 || (7,1) *2054-2 (4,4 
20 (6, 23) 5249-8 (5) | 19043 || (1,7) 3677-6 (3) | 27184 || (6,0) 2926-6 25 
© (5, 22) 5193-7(5) | 19249 (0, 6) *3645-2 (5) 27426 (8, 1) *2920-4 (4,2 
5) (4,21) 5145-5 (4) | 19429 || (1, 6) 3587-4 (o 27967 (7 0) 2802-5 (4 8 
+= (3,20 (0, 5) 3555: ‘ ‘1 (4, 
“3 ie 23} 5000°9(5) | 19637 || (1) 5) 3500-5 (5) | 28559 || (8,0) #2860 -2 (3, 6) 
Ta (5, 21) 5036-8 (6) | 19848 || (0,4) 3469-6 (2) 28814 (9, 0) *2829-3 (3,6 
5 (4,20) 4990-1(6) | 20034 | (2,5) 3451-0 (2) | 28969 || (10,0) 2799-0 (3, 6 
©, (3,19) 4937-2 (5) | 20249 || (1,4) 3417-0 (4) | 29267 || (11,0) 2769-6 (3, 6) 
2 (2, 18) 4893-8 (5) | 20428 || (0,3) 3387-0 (1) | 29516 || (12,0) 2741-0 (-, 6) 
2 (4,19) 4842-2 (6) | 20646 || (2,4) 3369-6 (4) | 29669 || (13,0) 2712-9 (-, 6) 
3 (3, 18) 4790-8(6) | 20868 || (1,3) 3336-7(2) | 29961 || (14,0) 686-2 (-, 6) 
A (2,17) 4747-6 (5) | 21057 || (3,4) 3321-2(1) | 30101 || (15, 0) 2662 -0 (-, 6) 
© (1, 16) 4699-0 (3) | 21275 || (2,3) +3290-7 (3,2) | 30380 || (16,0) 2638-0 (-, 5) | 3 
> (3,17) 4651-3 (4) | 21493 || (1,2) 3259-9 (2,1) | 30667 || (17, 0) 2615-1 (-,4) | 3 
= (2, 16) 4610-0 (5) | 21686 || (3,3) 3244-7 (3,3) | 30811 || (18,0) 2593-0 (-, 3) 
=; (1,15) 4563-2 (4) | 21908 
is. 
‘= _ * Each of these bands has a fainter head on the more refrangible side. 
_ jae two intensities refer to flame emission and flame absorption as respectively observed in directions. 
of fig. 1. 
<< _ Note.—Bands of SO are superposed on the 8, bands from about A 2700 and extend further into the ultra 
“Sthan the sulphur bands. 
as 
ae) 
= In the course of the measurements it was announced that the measurement 
= and analysis of the sulphur bands was in progress in other laboratories,{ and 
al 


laborious determinations of high precision were accordingly not undertaken. 
It is believed, however, that the wave-numbers are sufficiently accurate for 
a vibrational analysis, and for the present purpose of demonstrating that the 
most characteristic flame bands in the blue and violet form part of the same 
system as the bands in the visible spectrum and those in the ultra-violet, both 
of which are undoubtedly due to S, molecules. 


{ Naudé and Christy, ‘ Phys. Rev.,’ vol. 36, p. 1800 (1930) ; and vol. 37, p. 490 (1931) 5 
P. Huber, ‘ Phys. Rev.,’ vol. 37, p. 23 (1931). 
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The wave-lengths from 44700 to the limit in the ultra-violet are from measure- 
ments of photographs taken with Hilger’s E2 quartz spectrograph, using iron 
and copper arcs as comparison spectra. The resolution of this instrument is 
not too great to obscure the heads in most of the bands, while the scale is 
sufficient for the purpose in view. Vacuum tube spectra were used for bands 
which appeared to be identical in tube and flame. In the region A 4700 to 
i 6165, the bands were measured on plates taken with a 1l-metre grating 
(14438 lines per inch), with the sulphur vacuum tube as source ; comparisons 
of the two sources as photographed with the smaller dispersion of the quartz 
spectrograph indicated that in this region the tube bands may be confidently 
taken to represent the flame bands. While many of the band heads are sharply 
defined in the grating plates, others are less definitely indicated, and in such 
cases the parts selected for measurement were those suggested by the structure 
of the band system which is given in the next section. 

The intensities are ordinary estimates referring to the emission spectrum, 
as obtained when oxygen was blown into the CS, flame and observations made 
in the direction A of fig. 1. As already pointed out, when such a flame was 
observed in direction B, or when the source was an ordinary flame of CS, 
burning in open air, many ultra-violet bands appeared in absorption, although 
in the blue and violet only emission bands were observed. As the relative 
intensities in emission and absorption were markedly different for some of the 
bands, it has been thought desirable to give estimates of intensity for both. 
Thus, from (3290 onwards, two intensity numbers are given, the first repre- 
senting emission and the second absorption. Beyond 2769 the emission 
bands are less distinct and are superposed on bands of SO, and for these only 
the intensities in absorption are stated. Among the bands which are distinctly 

stronger in emission than in absorption are (A 2920 and 2888, while AA 2997, 
2960 and 2926 may be noted as examples of bands which are relatively stronger 
in absorption than in emission. 


Vibrational Analysis of the Flame Bands. 


From the general appearance and conditions of occurrence of the most 
characteristic flame bands in the blue and violet there was a strong presumption 
that they originated in the same molecules as those which gave rise to the 
associated bands in the visible and ultra-violet regions. There was apparently 
no place for several of the flame bands, however, in the scheme for 8, band 
heads which had been given by Rosen, and it became necessary to ascertain 
if the scheme could be extended or modified so as to include them. 
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It was soon found that all the flame bands could be arranged in a single 
scheme, which was in general agreement with that of Rosen as regards the 
ultra-violet bands, but differed from it very considerably for the less refrangible 
bands. In particular, the new scheme introduces an additional v’v’’ (O, v”) 
progression, which includes some of the strongest flame bands, and thus 
requires that Rosen’s v’ values should be increased by unity throughout. 
As a further result of the present work, the scheme has been extended con- 
siderably towards the red. 

The band system is so much extended in the v” direction that it cannot 
conveniently be printed in every detail. The main features, however, are 
exhibited in Table II, which indicates the intensities of the observed bands 
in relation to the v'v” values. With the aid of Table I, which includes the 
v'v’”’ for the bands, a complete table may readily be constructed by anyone who 
requires it. 

It will be seen that the flame bands, as arranged in Table II, trace out in a 
very satisfactory manner a wide-open Condon parabola of intensity distribution, 
such as would be expected where w,’ and w,” differ so markedly as they do in 
the present instance. 

As Naudé and Christy* have pointed out, but without giving details, there 
are several perturbations among the vibrational energy levels of the upper 
(v’) states. This will be seen from Table II, which includes the Av of successive 
bands in the progressions; means have been taken where the observations 
gave more than one value. On account of these perturbations it is not possible 
to represent the whole system accurately by a simple formula, but the following 
may be taken as a fair approximation: | 

Vneaa = 31659 + (432-3v’ — 2-63v'2) — (722-1lu” — 2-820"), 
where v’ and v” are the vibrational quantum numbers for the energy levels in 
the upper (excited) and lower (ground) states of the molecule respectively. 

The analysis of Naudé and Christy has further shown that the S, system 
under consideration is due to a °X ——~ %E transition, and is therefore the 
counterpart of the well-known Schumann-Runge system of O,. By analogy 
with O,, the spectrum of 8, would be expected to include another system of 
bands corresponding with the atmospheric absorption bands of oxygen in the 
solar spectrum, and representing the transition 12 ~~ *2. This, however, 
would be a faint system and would fall far in the infra-red. 

The main result of the analysis, for our present purpose, is the demonstration 

* Loe, cit., and ‘ Phys, Rev.,’ vol. 37, p. 490 (1931). 


327 


o - 
-—- 


I ¢ & 

> vive 

or her 
ioe be 2S 


qari wm Oo 8 © 


€ 29 T 


ir) | 
> + + + + + 


eo o)o © 


€ %¥9 9 


ov 
_ 
= 


T° 2. 3.7 I 


no oOo FF BO 8S Fe DB O 


oS. 2:2 & ae é 


a oO ar) ir | 
> | 
— 


0 . ee 2 0'o2 8 3 FSS 


A / #S¢ LLG G09 r£9 899 F69 SSL 


Spectrum of Flame of Carbon Disulphide. 


oe 5p 0g GZ 0% CT OI G 0 


‘(FO + *g0) spurg uowssrg euey jo sis4yeuy yeuorerqIA—TI 14%L, 


1ZOZ ABW 9[ UO /si1o'surysi{qndAjarsos|[eAos//:sdyy Wool popeojuModg 


6LE 
£8E 
F8E 
16¢ 
10? 
68E 
SIF 
L6E 
cer 
elP 
LtP 





coor NN mOeUmwYHthmC UO!UUCOCOlCUCrPlC(C Tl CDF 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


328 A. Fowler and W. M. Vaidya. 


that the characteristic flame bands of carbon disulphide in the blue and violet 
form part of the system which includes the visible and ultra-violet bands of 
S, and must, therefore, also be attributed to S, molecules. 


Discussion. 

The foregoing observations may be of interest as giving information relating 
to some of the reactions which precede the formation of the well-known products 
of combustion, but it seems unlikely that they will give complete answers 
to all the questions which arise. The observations do not furnish any direct 
evidence, for example, of the formation, in the first stages, of such complex 
molecules as are required by the peroxidation theory of combustion. 

The simplest flame which has been investigated is that of sulphur. It is 
possible that in this case the first stages involve molecules of S,, but unless 
these are associated in some way with the continuous spectrum, there is no 
spectroscopic indication of their existence. The spectrum definitely indicates 
the presence of 8S, molecules, and shows that there is no dissociation into 
sulphur atoms, which would exhibit a line spectrum. The S, molecules are 
thus merely raised to higher energy levels, and emit their characteristic bands 
on returning to the normal state. The final product is 8O,, but the spectrum 
gives indications of SO as an intermediate stage. It does not seem possible, 
however, to decide from these observations alone whether it is the excited 
or unexcited 8, molecules which combine with oxygen to form SO and SOx. 

According to the peroxidation theory, the successive reactions might be 
expressed as follows : 

S. + O, +8,0, > 280 
250 + O, = 280,. 


Even in the case of sulphur burning in the open air, SO, surrounds the flame 
in sufficient quantity to reveal its presence by absorption bands peculiar to 
this gas. 

In the low-temperature phosphorescent flame of CS, there are spectroscopic 
indications of 8,, SO and CS, the products of combustion being SO, and COs. 
The observations might thus be accounted for by the simple equation 


408, + 30, = 25, + 280 + 20S + 200,, 


further combinations with oxygen resulting in SO, and additional CO. — 


According to Gill, Mardles and Tett (loc. cit.), however, the primary oxidation 





a ——— = —_— Sa = ~ 
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product of OS, is an active peroxide, CS,0,. Assuming this, it may be supposed 
that the reactions would proceed somewhat as follows : 
CS,0, + CS, + 2C08,0 
408,0 + O, = 28, + 280 + 2C8 + 2C0,, 
the result being the same as that expressed by the simpler equation above. 
Under the higher temperature conditions of the flame in air or oxygen, the 
spectrum differs from that of the phosphorescent flame in the apparent absence 
S of bands of CS and the relatively feebler representation of SO. If it be assumed 


that OS is not formed in this case, the spectroscopic observations, including 
S Coblentz’s infra-red bands of CO,, would be satisfied by the equation 


2C8, + 30, = 8, + 280 + 2C0,, 
or, if peroxidation occurs, by the following : 
CS,0, + CS,> 2C8,0 
2C8,0 + 20, = 8, + 280 + 2C0,. 


The spectroscopic observations appear to give no evidence of the existence 


ublishing.org/ on 16 


© of these peroxides in the flames, but it might be unwise to regard this as 
2 furnishing a satisfactory proof of their absence. 

It is conceivable that CO might be formed as well as CO., but the observations 
are not conclusive on this point. The spectrum of the CO flame consists of 
= weak and ill-defined bands superposed on a bright continuous spectrum,* 
&.and it would scarcely be possible to detect its presence when involved in the 
= sulphur bands and continuous spectrum of the OS, flame. All that can be said 
is that since the continuous spectrum is not more intense in the flame of CS, 
than in that of sulphur alone, it is improbable that CO is present in any con- 
siderable amount. 


/royalso 


Summary. 


It has been found that the most characteristic bands of the ordinary CS, 
flame, extending from the blue to the near ultra-violet, form part of the system 
already known to be due to S, molecules and must, therefore, also be attributed 
to S,. The ultra-violet bands of 8, appeared in absorption, but they were 
obtained in emission when a stream of oxygen was directed on the flame. 
Emission bands of SO also appeared feebly in the flame spectrum. When the 
flame was enclosed in a chimney, absorption bands of SO, appeared in addition. 

Generally similar results were obtained in experiments on the flames of 
sulphur and hydrogen sulphide, the latter also showing bands of HO. 

* Of. Weston, ‘ Proc. Roy. Soc.,’ A, vol. 109, p. 182 (1925). 
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The spectrum of the phosphorescent flame of CS,, as photographed by 
Emeléus, has been re-examined and, in addition to the characteristic flame 
bands constituting Emeléus’s first group, it has been foufid that the second 
group includes bands of SO and CS. The SO bands were relatively much 
stronger than in the normal flame. 

Preliminary investigations have been made of a group of bands in the ultra- 
violet which have been provisionally attributed to carbonyl sulphide, COS, 
These have not been observed in any of the experiments on flames. 

A vibrational analysis of the flame bands has been found to be in general 
agreement with Rosen’s scheme for 8, as regards the ultra-violet bands, but 
to differ from it considerably for the less refrangible bands. In particular, 
the amended scheme introduces an additional v’v’’ progression, which includes 
the strongest flame bands, and thus requires that Rosen’s v’ values should be 
increased by unity throughout. 


The authors desire to express their thanks to Mr. C. V. Jackson for his 
valuable assistance in the preparation of carbonyl sulphide and in taking 
photographs with 1-metre grating. 


DESCRIPTION OF PLATES, 


PLATE 14, 
a. OS, flame, showing characteristic bands from blue to near ultra-violet. Fe com- 
parison. ; 
Flame in N,O, with chimney ; showing SO, absorption A 3200-2800. 
Flame in O,, with chimney ; showing SO, absorption 4 3200-2800. 
Flame in air, with chimney; showing SO, absorption 4 3200-2800. 
Flame in open air; feeble 8, absorption A 3000-2600. 
Flame with jet of O,, observed in direction A of fig. 1; S, emission from visible to 
ultra-violet, 
g. Same as f but observed in direction B; S, emission from blue to near ultra-violet, 
S, absorption in ultra-violet. 
Sulphur in active nitrogen ; 8, emission bands to A 2829. 
k. 8, absorption as in g with greater dispersion. 
Note.—a and k taken with spectrograph E2; b-A taken with spectrograph E31 ; 
b-e with Cu comparisons ; f, g, k with Fe comparisons. 


yes RS SS 


~ 


Pirate 15, 
a. Vacuum tube spectrum of sulphur, 4 6200-4400, 1 metre grating. 
6. Vacuum tube spectrum of sulphur, 4 4800-2829 ; spectrograph E2. 
c,c’, Flame and tube spectra, 4 4400-3800, showing fine structure; 1-metre grating, 
d. Flame with jet of O,, observed in direction A of fig. 1, showing S, emission bands 
from red to ultra-violet ; spectrograph E2. 
Fe arc comparisons throughout. 
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The Spectrum of the Hydrogen-Nitrous Oxide Flame. 


By A. Fowter, D.Sc., F.R.S., Yarrow Research Professor of the Royal 
Society, and J. 8. Bapamt, B.Sc., Imperial College, South Kensington. 


(Received July 7, 1931.) 


[PLates 10, 11.) 


Introductory. 


The present investigation was undertaken on the suggestion of Mr. H. T. 
Tizard, F.R.8., arising out of some experiments in progress at the National 
Physical Laboratory. Previous observations of the spectrum of the hydrogen- 
nitrous oxide flame have not been very complete, and it was hoped that more 
extended observations, in connection with our present knowledge of the 
constitution of the molecules associated with certain band spectra, might 
throw further light on the process of combustion. Observations have accord- 
ingly been made over the range (8225 to 42250, with the result that the 
spectrum in question has been found to be identical with that of the flame 
of ammonia burning in oxygen, apart from differences in intensities of certain 
bands in the two spectra. 

The spectrum of the ammonia-oxygen flame has previously been described, 
but it may be useful to give an account of the experiments which have been 
made, and to state the modern interpretation of the spectra observed. As the 
results may be of interest to some who are not spectroscopists, it has been 
thought desirable to include a brief account of the spectra which form the basis 
of the conclusions reached. 


Reference Spectra. 


“ Water Vapour”? Bands (HO).—Emission bands attributed to water vapour 
were discovered simultaneously by Liveing and Dewar* and by Huggins. 
Liveing and Dewar observed these bands to be well developed in the flames 
of hydrogen or hydrocarbons burning in oxygen, and less strongly in the 
flames of non-hydrogenous gases, such as carbonic oxide and cyanogen, if 
burnt in moist oxygen. The same bands were also observed in uncondensed 
discharges in vacuum tubes containing moist gases, but they disappeared 


** Proc, Roy. Soc.,’ vol. 30, pp. 498 and 580 (1880). 
+ * Proc. Roy. Soc.,’ vol. 30, p. 576 (1880). 
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when the gas and apparatus had been thoroughly dried. A more complete 
description was given later by the same authors.” 

The spectrum consists of a number of bands degraded towards the red, 
of which one at A 3064 is especially conspicuous. Other band heads are at 
AA 3472, 3428, 2811 and 2608, but band lines were found by Liveing and 
Dewar to extend as far as 4 4100 towards the violet and to 2268 in the ultra- 
violet. 

The analysis of this spectrum, in the light of the modern theory of band 
spectra, has resulted in its definite assignment to HO molecules.t 

* Ammonia”? Bands.—Three groups of bands are associated with the 
spectrum of ammonia. The first was observed by Schuster{ as a broad 
yellowish-green band, about 1 5635, in the spectrum of a vacuum tube through 
which a continuous stream of ammonia gas was passed. It was noted that 
the band at once disappeared when the supply of ammonia was cut off. 
Schuster’s band was subsequently found by Lecog§ to be double, with 
components about AA 5643 and 5681. 

The second and most characteristic band associated with ammonia, having 
its strongest part about ) 3360, was first described by Eder,|| who observed it 
in the ammonia-oxygen flame, and designated it the @ band. This band was 
afterwards observed by Lewis in the spectra of vacuum tubes containing 
mixtures of hydrogen and nitrogen, and a more detailed investigation of the 
band, and of its occurrence in the solar spectrum, was given by Fowler and 
Gregory.** Lewis observed that, unlike the Schuster bands, the @ band 
persisted after the supply of ammonia was stopped. 

The third system of bands, extending over the whole of the visible spectrum, 
was also observed by Eder in the ammonia-oxygen flame, and was distinguished 
by him as the « band. As a result of an investigation of the structure and 
chemistry of the ammonia-oxygen flame, it was concluded by A. ReisTT 
that this band belonged to the spectrum of ammonia. 

The « band was investigated in greater detail in Professor Fowler’s labora- 
tory by W. B. Rimmer,{{ who found that it could also be observed in the 


* * Phil. Trans.,’ vol. 179, p. 27 (1888). 

tT Cf. D. Jack, * Proce. Roy. Soc.,’ A, vol, 115, p. 373 (1927). 
t ‘ Rep. Brit. Assoc.,’ p. 38 (1872). 

§ °C. R, Acad. Sci.,’ Paris, vol. 101, p. 42 (1885). 

|| “ Denkschr, Wien. Akad.,’ vol. 60, p. 1 (1893). 

“| Astrophys. J.,’ vol. 40, p. 154 (1914). | 

** * Phil, Trans.,’ A, vol. 218, p. 351 (1919). 

tT ‘ Z. Phys. Chem,,’ vol. 76, p. 560 (1911). 

tt ‘ Proc, Roy, Soc.,’ A, vol. 103, p. 696 (1923). 
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uncondensed discharge in vacuum tubes containing ammonia at suitable 
pressures. Photographs taken with high resolution showed this part of the 
spectrum to be of great complexity, consisting of about 3000 band lines 
extending from red to violet, but showing no distinct heads of bands. It 
was further noted by Rimmer, in agreement with Eder, that with a small 
supply of oxygen the « band was stronger with respect to the ultra-violet band 
than when the supply of oxygen was abundant. 

Rimmer considered that his observations supported the suggestion of Lewis 
that the Schuster bands represent the true spectrum of ammonia, while the 
ultra-violet 4 3360 band is probably due to a more stable compound of hydrogen 
and nitrogen. Rimmer’s investigation suggested, in addition, that the « band 
originates in an emission centre which represents the first stage of dissociation 
of the normal ammonia molecule, and that the 8 band represents a further stage 
of dissociation which precedes the final breaking up of the molecules into atoms. 

Analysis of the structure of the @ band, 43360, has been made by Hulthén and 
Nakamura,* from which it results that this band originates in NH molecules. 

No analysis has yet been made of the « band, but Hulthén and Nakamura 
have expressed the opinion that this complicated system is emitted by excited 
NH, or NH, molecules, or a mixture of both. NHg,, however, appears to 
be ruled out by the experimental evidence, and if the Schuster bands have 
been correctly attributed to NH, it may provisionally be supposed that the 
« bands represent NH, molecules. It may be noted that a recent investigation 
by Lavin and BatesT on the gases flowing from the exit of an ammonia discharge 
tube have indicated the presence of an active gas, probably consisting of 
atomic hydrogen and NH or NHg. 

“ Third Positive Nitrogen Bands’ (NO).—Five bands in the ultra-violet, 
extending from A 2718 to A 2262, were observed by Eder in the spectrum 
of the ammonia-oxygen flame, and were assigned the names y-y. These were 
afterwards found to be identical with the well-known double-double bands, 
degraded to the more refrangible side, which had been designated the “‘ Third 
Positive” bands of nitrogen by Deslandres, who had shown, nevertheless, 
that the simultaneous presence of nitrogen and oxygen was necessary for 
their production. Analysis of this spectrum has resulted in its assignment 
to NO molecules.f. 


* * Nature,’ vol, 119, p. 235 (1927). 

T° Proc. Nat. Acad. Sci.,’ vol. 16, p. 804 (1930). 

{ R. T. Birge, ‘ Bull. Nat. Res. Co.,’ vol. 11, No. 57, p. 69 (1926) ; M. Guillery, ‘ Z. Physik,’ 
vol, 42, p. 121 (1927). 
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Previous Observations. 


In connection with their experiments on the ignition points of gases, Dixon 
and Higgins* studied the ignition of several gases in an atmosphere of nitrous 
oxide. In the case of a hydrogen flame it was observed, as had previously 
been noted by Priestley and by Davy in the burning of a candle or 
taper, that an atmosphere of nitrous oxide produced a remarkable increase 
in the size and luminosity of the flame. The jet of unburnt gas was seen to 
be surrounded by a bright apricot-coloured zone, which appeared to give 
a continuous spectrum, while outside this was a thick sheath of a greenish-grey 
colour. A photograph obtained with a quartz spectrograph showed an 
apparently continuous spectrum from red to violet, and beyond this the 
ultra-violet ‘‘ steam ”’ (HO) bands. 

Dixon and Higgins also recorded that when a jet of hydrogen was burnt 
in nitrous oxide at normal pressure in a wide glass tube, a red colouration 
due to the formation of nitrogen peroxide was seen stretching upwards from 


the level of the flame. Also, that when the hydrogen-nitrous oxide flame 


was divided in a Smithell’s separator, no peroxide could be detected in the 
interconal gases, though it was formed in the outer flame. The general 
outcome of these experiments was to show that the ignition points of hydrogen 
in nitrous oxide, at corresponding pressures, were always lower than those in 
oxygen. 

The hydrogen-nitrous oxide flame had previously been observed by 
8. Barratt? in connection with an investigation of the origin of cyanogen 
bands in the violet and ultra-violet. The presence of the 8 band of ammonia 


and the bands of water vapour was recorded, but no reference was made to 
the « band. 


Structure of the Flames. 


Mixed Jet.—tn the first of the present series of experiments, nitrous oxide 
and hydrogen were mixed by passing the gases through the two horizontal 
arms of a L tube, and were then burnt at a small jet on the upright arm, as 
in the corresponding experiment at the National Physical Laboratory. 
Afterwards, it was found convenient to use a mixed-jet blowpipe, which 
gave a flame of the same character. 

The main part of the flame was only feebly luminous, but in the lower part 
there was a more luminous zone which varied in appearance and brightness 


** Mem. Manchester Lit, Phil. Soc.,’ vol. 71, p. 15 (1926), 
t ‘ Proc. Roy. Soc,,’ A, vol, 98, p. 44 (1920). 
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with varying proportions of nitrous oxide. With a supply of nitrous oxide 
such that a hydrogen flame about 14 inches in height (Ia)* was extended to 
about 7 inches, the inner zone was conical in shape (Ib), but with a suitable 
reduction in the supply of nitrous oxide, this inner cone was enlarged and 
became a semi-elliptical arch surmounted by a bright yellowish cap; the 
outer flame was then much reduced in length, and was of greater width (Ic). 
Surrounding the inner zone there was a fairly bright yellowish-white region 
extending to more than half the height of the flame, and beyond this a feeble 
dull red portion which was of a somewhat smoky appearance. 

Two-way Blowpipe.—Experiments were also made with a two-way blowpipe 
in which hydrogen was passed through the outer, and nitrous oxide through 
the inner, tube, so that the gases were not mixed until they reached the orifice 
where they were burnt. In this case (Id) the structure of the flame was 
somewhat similar to that obtained with the mixed jet when there was a 
relatively large supply of N,O (1b). The inner cone, however, was somewhat 
less prominent, and its upper part was surrounded by a zone of considerable 
brightness, as shown by the enlargement in the lower part of Id. No bright 
cap could be made to appear at the summit of the cone, and it would seem 
that the bright cap of Ic was here represented by the bright zone which surrounds 
the inner cone. 

Hydrogen Flame Surrounded by N,O.—Further experiments were made 
by surrounding a flame of hydrogen with an atmosphere of nitrous oxide. 
This was done by enclosing the flame in a glass chimney into which nitrous 
oxide was passed, or by passing the hydrogen through the inner tube and 
nitrous oxide through the outer tube of a two-way blowpipe. Under these 
conditions the hydrogen flame was enlarged and much brightened, especially 
near the base (Ie). No definite inner cone, however, was observed. 


Spectroscopic Observations. 

Mizxed-jet Flame.—Visual observations of the bright cone or cap (18, ¢) 
with a pocket spectroscope showed six fairly distinct bands, three on each 
side of the D lines, superposed on a continuous spectrum of moderate intensity. 
Photographs taken with a small quartz spectrograph (Hilger’s E 31) showed 
these and other bands, and experiments with vacuum tubes containing com- 
pounds of nitrogen were undertaken with a view to tracing their origin. The 
bands were not obtained in discharges through N,O, either alone or when 
mixed with hydrogen or oxygen, but were eventually found to be identical 
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with the « bands of ammonia occurring rather feebly in tubes containing 
ammonia. The identification was afterwards fully confirmed by photographs 
of the ammonia-oxygen flame, in which the « bands are very conspicuous (IIa). 
With large dispersion, as in the photographs taken by Rimmer, the bands in 
question become unrecognisable as such. 

It is possible that the apparent band heads, when the spectrum is viewed 
with small dispersion, may give a clue to the structure of this spectrum, and 
it may accordingly be useful to record the following roughly approximate 


positions :— 
A v A v 
*6§652 15,029 *5713 17,499 
6470 15,452 | 5575 17,932 
*6§302 15,864 *5436 18,391 
*6042 16,546 5384 18,568 
5807 17,216 5265 18,988 


In this table the brighter bands are marked with an asterisk. 

Visual observations of the flame above the inner cone revealed no bands, 
but only a continuous spectrum. The outermost part of the flame was too 
faint for spectroscopic observation. 

A photograph of the spectrum of the inner cone of the H, — N,O flame (I 5), 
which is identical with that of the bright cap of Ic, is reproduced in IIb. 
The D lines of sodium appear near the less refrangible end, and the « bands 
of ammonia extend from the red side of this to the near ultra-violet. The 
8 band at A 3360 (NH), with the wings of band-lines on each side of the 
central band, is very prominent. The bands of HO are also conspicuous 
and in the further ultra-violet there are the double bands of NO. 

The spectrum of the ammonia-oxygen flame is shown in II a for comparison. 
It will be seen that this shows the same bands as the H, — N,O flame, but 
with a somewhat different distribution of intensities. Thus, the ® band 
being of about the same intensity in the two photographs, the HO and NO: 
bands are decidedly stronger in the H,—N,O flame and the « bands of 
ammonia (NH,?) somewhat weaker. The weak band at 3883 in the 
H, — N,O flame is due to “ cyanogen” (CN) and was doubtless introduced 
by a slight impurity of a carbon compound either in the hydrogen or nitrous 
oxide. | 

The third photograph, II c, was taken with an image of the bright cap of 
the H, — N,O flame (I c) focussed on the slit of the spectrograph, and shows 
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very clearly that while the « and @ bands of ammonia and the NO bands 
were almost entirely restricted to the bright flame cap, the HO bands and 
continuous spectrum extended through the outer flame with but little diminu- 
tion of intensity. Eder similarly observed that the characteristic bands of 
** ammonia ”’ appeared only in the inner cone of the ammonia-oxygen flame, 
while the outer flame yielded the “‘ water-vapour ”’ bands. 

Two-way Blowpipe Flame.—When the flame was produced with the two-way 
blowpipe, with nitrous oxide passing through the inner tube (I d), visual observa- 
tions of the inner cone showed only a strong continuous spectrum. In the 
zone immediately surrounding the inner cone, however, the continuous spec- 
trum was much weaker and the « bands were distinctly visible. Photographs 
also showed a continuous spectrum, and apparent discontinuities in its 
intensity were proved to be due to varying sensitivity of the plates, for 
different wave-lengths, by comparison with the spectrum of a white-light 
source. In the ultra-violet, the bands of HO were very strong, the NH 
band of moderate intensity, and the NO bands rather feeble. 

The blow-through flame thus differed from the mixed-jet flame chiefly in 
the greater diffusion of the luminous cap of the latter, and in the increased 
brightness of the continuous spectrum shown by the inner cone. 

Hydrogen Flame Surrounded by N,O.—Visual observations of this flame 
(le) showed only a bright continuous spectrum, as noted by Dixon and 
Higgins. Photographs of the spectrum also showed a strong continuous 
spectrum extending from red to violet, together with bands of HO, and 
sometimes traces of the NH band at 43360. The spectrum of the hydrogen 
flame was thus scarcely affected by the substitution of nitrous oxide for 
ordinary air outside the flame, except as regards the greatly increased intensity 
of the continuous spectrum. 


Summary. 


Observations of the bright cap or cone, which appears near the base of the 
hydrogen-nitrous oxide flame in a mixed jet have shown that the spectrum 
is closely similar to that of the ammonia-oxygen flame. Each of these flames 
shows bands due to the molecules NH, HO and NO, and the so-called “« 
bands”’ of ammonia, which have been provisionally attributed to NH, 
molecules on the basis of experimental evidence. The Schuster bands, 
probably due to NH, molecules, were not observed. The hydrogen-nitrous 
oxide flame differs from the ammonia-oxygen flame in the greater intensity 
of the NH and HO bands, and the lower intensity of the NH, ? bands, the 
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NH band at A 3360 being about the same in both. The outer cones of both 
these flames appear to exhibit nothing but the bands of HO and a continuous 


spectrum 


DESCRIPTION OF PLATES 10, 11. 


PLATE 10, 
(a) Hydrogen flame, 
(b) H, flame with large supply of N,O. Mixed jet. 
(c) H, flame with small supply of N,O. Mixed jet. 
(d) H, flame with N,O blown through, The lower photograph is an enlarged view of 
the inner cone from the same negative. 
(e) H, flame surrounded by N,O. 


PuatTe 11. 


(a) Spectrum of ammonia-oxygen flame ; oxygen passed through inner tube and ammonia 
through outer tube of blowpipe. 

(6) Spectrum of H,—N,O flame, inner cone (I, 5). 

(c) Spectrum of H,—N,O flame, bright cap and flame above it (I, c). The apparent bands 
on the red side of the Na lines and the patch from 5000 to 44000, which extend 
across the spectrum, represent continuous spectrum as photographed with small 
dispersion on a plate of varying sensitivity. The dark lines on the upper edge of the 
spectrum are due to daylight which accidentally entered the slit. 


Fowler and Badami. Roy. Soc., A, vol. 133. Pl. 10. 
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The Band Spectrum of Nitrogen Sulphide (NS). 


By A. Fowter, D.Sc., F.R.S., Yarrow Research Professor of the Royal 
Society, and ©. J. Bakker, Ph.D. 


(Received January 20, 1932.) 
(PLATE 1.) 


Introductory. 


The present investigation had its origin in an observation by one of us that 
in a vacuum tube containing sulphur vapour with an impurity of nitrogen, 
there appeared a previously unrecorded band spectrum which bore a striking 
resemblance to that of nitric oxide (NO). As only sulphur and nitrogen were 
known to be present, this similarity suggested that the new spectrum might 
be due to nitrogen sulphide (N§8), since oxygen and sulphur have the same 
number of valence electrons. This supposition appears to be fully confirmed 
by the further experiments which have been made and by the vibrational 
analysis of the bands. The principal members of both sets of bands occur in 
the ultra-violet and nearly in the same region. It will be convenient first to 
give a brief account of the bands of nitric oxide. 


The Bands of Nitrie Oxide. 


The principal bands of NO are well known from their occurrence in air 
vacuum tubes; they were long ago named the “ Third Positive Bands of 
Nitrogen ” by Deslandres,* who, nevertheless, considered that the presence of 
both nitrogen and oxygen was necessary for their production. These bands 
were observed by Fowler and Strutt (now Lord Rayleigh)} to appear in the 
spectrum of the nitrogen afterglow, and the opinion was expressed that nitrogen 
alone was capable of producing them. Subsequent work by Lewis{ and by 
Strutt,§ however, supported the view that the bands were produced only 
when both nitrogen and oxygen were present. During the present investi- 
gation, also, it has been found that the bands in question do not occur in vacuum 
tubes containing nitrogen when oxygen has been completely removed. These 
experimental results are in agreement with the conclusion derived from analyses 
of the band structure that the bands originate in the diatomic molecwe NO. 

** CO, R, Acad. Sci. Paris,’ vol. 101, p. 1256 (1885). 
+ ‘ Proc. Roy. Soc.,’ A, vol. 85, p. 377 (1911). 


t ‘ Phil. Mag.,’ vol. 25, p. 826 (1913). 
§ ‘ Proc. Roy. Soc.,’ A, vol. 93, p. 254 (1917). 
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The general appearance of the NO spectrum as it occurs in an air vacuum 
tube is illustrated in Plate 1, spectrum 6. It will be seen that the “ Third 
Positive ” bands appear with double-double heads and are degraded towards 
shorter wave-lengths. These were designated the “y bands” by Fowler and 
Strutt in their account of the spectrum of the nitrogen afterglow, and this 
designation has since been widely adopted. 

Another system of bands, designated the “ 6 bands ” by Fowler and Strutt, 
appears rather feebly in the air vacuum tube, but becomes very prominent 
in the nitrogen afterglow spectrum, as shown in Plate 1, spectrum a. The 


6 bands are doublets and are degraded towards the red ; in the afterglow they 


can be traced well into the visible spectrum.” 

A third system of bands of NO was first recognised by Knauss,} with active 
nitrogen as source, and was named by him the “3 system” of NO. These 
bands are degraded towards shorter wave-lengths, and are similar in appearance 
and separations to the y bands. The approximate wave-lengths given by 
Knauss were 1913, 1987, 2062, 2142, 2229 and 2320 A. More accurate wave- 
lengths for three of the bands were afterwards given by R. Schmid.{ 

Still another system of bands of NO, incompletely observed in absorption 
by Leifson§ has been designated the “<« system” by Birge.|| Leifson’s wave- 
lengths for these are 1877-2, 1799-6, 1729-7 and 1666-6 A. 


Structure of NO spectrum. 


The orderly arrangement of the y bands was first shown by Deslandres,§4 
but has been indicated more completely by M. Guillery** in connection with 
her rotational analyses of some of the bands. The structure of this spectrum, 
however, has not yet been presented with the completeness and accuracy 
which is desirable. 

It results from the work of Mulliken}+ and others that the y-bands represent 
transitions A*X +> X *II (see fig. 1), the wider separation corresponding with 
the two II levels, and the narrower ones representing the heads of different 
branches. The (0, 0) band is at 4 2269 and appears strongly in the absorption 

* Johnson and Jenkins, ‘ Phil. Mag.,’ vol. 2, p. 621 (1926). 
Tt ‘ Phys. Rev.,’ vol. 32, p. 422 (1928). 

t ‘Z. Physik,’ vol. 59, p. 42 (1930). 

§ * Astrophys. J.,’ vol. 63, p. 73 (1926). 

|| ‘ Int. Crit. Tables,’ vol. 5, p. 409 (1929). 

4] ‘C. R. Acad. Sci. Paris,’ vol. 139, p. 584 (1904). 


** *Z, Physik,’ vol. 42, p. 121 (1927). 
tt ‘ Phys. Rev.,’ vol. 28, p. 493 (1926). 
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spectrum of NO at ordinary temperatures, together with other members of 
the (v’ > 0) progression. 

The origins of the y-bands are represented by the following formule given 
by Schmid* :— 


Vo = 44199 + (2358-0v’ — 16-3v'2) — (1892-120 — 14-4240"”2), 
Vo = 44079 + (2358-0v' — 16-3v’2) — (1891-98v"” — 14-4540""2), 


Accurate measurements and rotational analyses of several of the 8 bands 
have been made by Jenkins, Barton and Mulliken.t These bands correspond 
with transitions B#*II,,,-+ X*II,,. and B*II,,.—- X*Il,/., and the heads are 
represented approximately by the following formule given by Johnson and 


Jenkins :— 
45394 - 6 | 


Vhead = 45485 -0{ +: (10290" = 7: 5v’?) —_ (1889 - 050" — 13-96"), 


More accurate formule, involvmg higher powers of v’ and v” have been given 
by Jenkins, Barton and Mulliken. The separation BII,),. — B*II,). is not 
observed directly, but is deduced from the observed Av = 124 of the y system 
and Avy = 91 of the B system. The (0, 0) bands of this system, the calculated 
positions of which are A 2202-2 and 2197-8, have not been observed either in 
absorption or in emission. 

The § system of NO is attributed to transitions from a higher 7% level (c in 
fig. 1) to the final levels XII, the bands having the same separations and 
vibrational levels as the y system. The (0, 0) band has its least refrangible 
head near 1910 (v 52340) and has been observed in the absorption spectrum 
of NO by Leifson. It has also been observed as a strong absorption band by 
R. Curry and J. Rankine at the Imperial College. The plates obtained by the 
latter observers also exhibit the (v’ > 0) progression of the y system and several 
members of the (v’ +0) progression in the 8 system, beginning with v’ = 2. 

The transitions involved in the production of the NO bands are indicated 
in fig. 1, which is drawn to scale with the doublet separations enlarged ten 
times. Corresponding transitions in NS are also shown in this diagram. The 
designations of the various levels for NO are in accordance with those of 
Mulliken} and Weizel.§ 


**7Z. Physik,’ vol, 64, p. 84 (1930). 

+ ‘ Phys. Rev.,’ vol. 30, p. 150 (1927). 

t ‘ Chem. Rev.,’ vol. 6, p. 524 (1929). 

§ « Bandenspektren,”’ p. 364 (Leipzig, 1931). 
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Production of NS Bands. 


Compounds of nitrogen and sulphur are highly explosive, and in these 
preliminary experiments it was accordingly considered sufficient to produce 
the NS bands by passing uncondensed discharges through a mixture of nitrogen 
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and sulphur vapour. The discharge tube was of an ordinary end-on type, 
made of Pyrex glass and provided with quartz windows ; the capillary had a 
diameter of about 2 mm. and the electrodes were of aluminium. A small 
well, projecting below one of the wider parts of the tube, served to contain the 
sulphur, and the supply could be replenished through a ground-in stopper 
vertically above the well. The tube was exhausted by a three-stage mercury 
vapour pump, backed by a Hyvac pump, a liquid air trap being interposed to 
prevent mercury from entering the discharge tube and to protect the pumps 
from sulphur. 
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In order to obtain the NS bands in this way it is essential to “ clean ” the 
discharge tube thoroughly. The presence of even a very little oxygen, in 
conjunction with the nitrogen, suffices to bring out strongly the y bands of 
NO, which lie in the same region of the spectrum and would obscure the bands 
of NS. It was found sufficient to use commercial nitrogen, dried by passage 
over P,O;. 

The final cleaning of the discharge tube was then accomplished by passing a 
gentle stream of the dried nitrogen through it for several hours while the 
discharge was passing. The pressure of the gas was regulated in such a manner 
that the second positive nitrogen bands appeared very strongly as observed 
with a hand spectroscope. After trial exposures had shown the absence of the 
+ bands of NO, the sulphur was gently heated by a Bunsen flame. The con- 
ditions were found to be most favourable for the appearance of the NS bands 
when the second positive nitrogen bands and the bands of sulphur appeared to 
be of about equal intensity as observed visually. 

Photographs for the present investigation were taken with small quartz 
spectrographs, and wave-lengths were obtained by means of copper arc com- 
parison spectra. No great precision can be claimed for the measurements, 
but they appear to be sufficiently accurate for a preliminary vibrational 
analysis of the bands. 

It should be remarked that the bands of sulphur, which extend from the 
visible into the ultra-violet,* appear strongly as far as the head at A 2829, 
but vo further, so that the region more refrangible than this is left clear for the 
spectrum of NS. The second positive bands of nitrogen end with the pair of 
heads at AA 2820 and 2814. Numerous photographs were obtained in which 
there were no ‘traces of NO bands. 


Description of NS Bands. 


The NS bands, as obtained in the way described above, are illustrated in 
Plate 1, spectrum c, from which it will be observed that the most prominent 
bands correspond closely in appearance with the y and B bands of NO. It 
will accordingly be convenient to give the same names to corresponding systems 
in both spectra. 

As in NO, the y system presents bands with double-double heads, degraded 
to the violet, but the separations are greater in NS than in NO and successive 


bands are closer together. 


* Fowler and Vaidya, ‘ Proc. Roy. Soe.,’ A, vol. 132, p. 310 (1931). 
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The pairs of bands forming the 8 system of NS are also more widely separated 
than those of NO and not so far apart. 

The photographs of NS show, in addition, a number of bands, degraded to 
the red, which do not appear to belong to the 8 system, and have no counter- 
part in NO. The strongest of these are at wave-lengths 2762-0, 2744-5, 
2715-2, 2655-6, 2634-2, 2557-3, 2400-2 and 2387-3, Their intensities appear 
to have a constant relation to those of the @ bands, but it is not yet certain 
that they are due to NS. 

In some of the photographs, including the one reproduced, Plate 1, there 
are two fairly strong heads of bands, degraded to the red, at) wave-lengths 
2575-9 and 2662-3. These are due to carbon monosulphide, as found by a 
careful comparison with photographs of the spectrum of this substance taken 
by L. C. Martin* and with the measurements of W. Jevons.f Besides the 
main heads, the first of which is double, some of the adjacent heads on their 
less refrangible sides are also shown feebly when the principal heads are strong. 
Independent evidence of the presence of small impurity of carbon is afforded 
by the occurrence of the CN band at 3883. 


The ~ Bands of NS. 


Details of the y band-heads which have so far been traced are shown 
below :— 





ee _ _ i . - = —$_—_—_—_—_—_ ———_ _ —— 








‘ Vv 
yy 0 I 2 3 4 
vy’ \ 
a Sa ee = C Pee 
43142 (10) 1202 41940 (10) 1187 40753 (5) 772 39581 (3) 
43166 (10) 120f 41962 (10) 1789 40773(5) 1173 39600 (3) 





43367 (8) 1204 42162 (10) 1787 40975 (4) 1171 39804(3) 1161 38643 (1) 


0) 224 222 229 223 
43389 (8) 120¢ 42183(10) 11789 40994(4) 11770 39824(3) 1160 38664 (1) 
! 
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The numbers in parentheses, to the right of the wave-numbers, represent 
estimated intensities. 

The vibrational quantum numbers have been assigned by analogy with the 
y system of NO. In NO the (0, 0) band at 2269 is clearly indicated as such 
by the absorption spectrum, and by the fact that it is the obvious termination 


* ‘Proc. Roy. Soc.,’ A, vol. 89, p. 127 (1913). 
t ‘ Proc. Roy. Soc.,’ A, vol. 117, p. 351 (1928). 
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of the (0+) progression. There is no evidence at present from the absorp- 
tion spectrum in the case of NS, but since the photographs extend far enough 
to have exhibited an additional band if it had been present, the bright band of 
which the first head is at v 43142 may reasonably be taken to be the (0, 0) 
band. 

There are some indications of faint bands which may represent the (1 +”) 
progression, but further work is necessary to establish them with certainty. 

The above heads are represented approximately by the following formule :— 


9 
E+ Kye? Viens = 416g fe — (12120” — Bu" 
"> KW? Viead = ad — (12120 — 80”), 


As will appear from what follows, the 2X level lies above B2II in NS, and it 
is not certain with which of the two *% levels in NO it corresponds. 


The 6 Bands of NS. 


The 6 system of NS has been more completely observed than the y system. 
Since both have the same final levels, the assignment of vibrational quantum 
numbers follows simply from the Av of the y system. All the bands which 
have been identified are included in the following scheme :— 





— a a ee i = - - - _— a 
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0 -186 183 183 
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1 198 197 194 
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22 921 
925 924 
41549 (4) 1208 40346 (3) 1190 39156 (3) 
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1 41750 (4) 1204 40546 (3) 1189 39357 (2) 
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These band heads may be approximately represented by the following 


formule :— | 
B IIs). > X*lIg/2: Ynead = 39694-++-(938 -5v’ —5 -5v’*)—(1212-250" —7 75v""2) 
BIL > X "lie: Ynend = 39880--(956 -5v’—10-5v)—(1212: 250’ —7-75v'"). 
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As in NO, the separation of the BIT levels is the difference between the 
separation of the X*II levels and the observed separations of the @ bands ; 
that is, for NS, approximately 224 — 186 = 38. 

If the quantum numbers have been correctly assigned, the 6 system of NS 
differs from that of NO in the occurrence of the (0, 0) and other bands of low 
quantum numbers which have not been observed in NO. The intensity dis- 
tribution in NS thus appears to be quite different from that in NO. Johnson 
and Jenkins’s Table LIT (loc. cit.) indicates a wide-open Condon parabola for 
NO, with its maximum at about v” = 8, whilst in NS the parabola appears to 
be a rather narrow one having its axis roughly in the direction of the diagonal. 
The difference in intensity distribution, however, is in general accordance with 
expectation, since in NO the ratio of w”, to w’, is about 1-9, whilst in NS it 
is about 1-25. 

The (1, 1) band of NS appears to be entirely absent. 


Classified Bands of NS. 

A (intensity). | y bands (v’v”’). | B bands (v’v’’). 
2697 -40 (5) ag 37062 (1, 3) 
2683 35 (4) me 37256 (1, 3) 
2680-05 (4) = 37302 (0, 2) 
2667 -00 (3) | vie 37485 (0, 2) 
2614-60 (4) | = 38235 (1, 2) 
2601-25 (3) | = 38432 (1, 2) 
2597-15 (6) = 38493 (0, 1) 
2587-00 (1) 386431 9 4 — 
2585-60 (1) 38664 p(0> ) 

2584-80 (5) 2 38676 (0, 1) 
2553-10 (3) sa 39156 (2, 2) 
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2524-50 (3) 30600 ¢ 3) 
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2439°+75 (4) 40975 = 
2438 - 65 (4) 10991 50> 2) 

2406-05 (4) Si 41549 (2, 0) 
2394-45 (4) ma 41750 (2, 0) 
2383-63 (10) 41940 

2382-40 (10) 41962 f(> ©) ras 
2371-10 (10) 42162 

2369-90 (10) 42183 f(% 4) 7 
2317-19 (10) 43142 

2315-94 (10) 43166 f (9) 7 
2305-17 (8) 43367 

2304-03 (8) 43389 (90) 7 


tT ie 





Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


36 C. G. Darwin. 


Summary. 


A spectrum of bands attributed to nitrogen sulphide (NS) has been obtained 
by passing uncondensed discharges through tubes containing nitrogen and 
sulphur vapour. The spectrum 1s strikingly similar to that of nitric oxide 
(NO) and appears in nearly the same (ultra-violet) region. Two systems of 
bands, corresponding with the well-known y and £ bands of NO, are clearly 
shown. In NS the doublet separations are larger, and the separations of 
successive bands smaller, than in NO. 


DESCRIPTION OF PLATE. 
a.—Nitrogen afterglow, showing y and 8 bands of NO strongly. (For 0-2... read 0, 2...) 
6.—Air vacuum tube ; + bands strong, 8 bands weak. 
e.—Vacuum tube containing nitrogen and sulphur vapour. (‘The bands at 2 2576 and 
A 2662 are due to an impurity of CS.) Copper are comparison. 





Notes on the Theory of Radiation. 
By C. G. Darwin, F.R.S. 
(Received January 22, 1932.) 


It will probably be agreed that among all the recent developments of the 
quantum theory, one of the least satisfactory is the theory of radiation. The 
present paper is intended as a preliminary to a new line of attack on the subject. 
It was begun some time ago, but owing to lack of success in carrying it to a 
conclusion, its publication has been much delayed. In the meantime other 
papers have appeared,* which in some respects follow the same train of thought. 
The authors of these works have carried their methods further in some directions 
than I have attempted, but there is still perhaps room for the discussion of a 
number of questions from the rather different point of view adopted here. 

1. The main principle of the present work is the idea that, smce matter and 
light both possess the dual characters of particle and wave, a similar mathe- 
matical treatment ought to be applied to both, and that this has not yet been 


* Landau and Peierls, ‘ Z. Physik,’ vol. 62, p. 188 (1930) ; Oppenheimer, ‘ Phys. Rev.,’ 
vol. 38, p. 725 (1931). 
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Spectrum of the Afterglow of Carbon Dioxide. 


By A. Fowrer, D.Sc., F.R.S., Yarrow Research Professor, and A. G. Gaypon, 
B.Sc., Research Student, Imperial College. 


(Received July 15, 1933.) 
[PLATE 4.] 
Introductory. 


When compounds of carbon and oxygen are excited to luminosity in vacuum 
tubes, they give rise to a large number of band systems, depending upon the 
conditions of electrical discharge. Most of these systems have been discussed 
by various authors, and on the basis of the theory of band spectra have been 
attributed to transitions between different states of the molecule CO. Details 
of these systems, including those ascribed to the ionized molecule COT, have 
been conveniently summarized by Jevons* and by Kayser and Konen.f 

Another band system (Deslandres’ second negative) which occurs under 
favourable conditions has been attributed by Bair,t and by Fox, Duffendack 
and Barker§ to the triatomic molecule COs, since the bands appear most 
strongly in CO,, and are especially developed when a stream of this gas is 
passing through the discharge tube. The suggested CO, origin of these bands 
appears to be supported by Smyth’s partial analysis of their structure.|| 

Quite recently, still another set of bands has been observed by Mlle. Marie 
Kaczynska{] in the spectrum of the afterglow of the discharge through CO,. 
The observations were made by drawing gas from the discharge tube into a 
side tube, as in the well-known similar procedure for observations of the 
afterglow of nitrogen. The afterglow was stated to be blue-grey in colour and 
to be most persistent at a pressure of about 2mm, of mercury. As the pressure 
was increased, the intensity of the luminescence was increased and the colour 
became blue, but its extent and duration diminished rapidly. Increased 
intensity was also obtained by frequent renewals of the gas in the discharge 
tube. With an alternating current of 60 mA., the luminescence was observed 


* * Report on Band Spectra of Diatomic Molecules,’ p. 286, The Physical Society (1932). 
t “ Handbuch der Spectroscopie,” vol. 8, p. 302 (1932). 

}¢ ‘ Astrophys. J.,’ vol. 52, p. 312 (1920). 

§ * Proc. Nat. Acad. Sci.,’ vol. 13, p. 302 (1927). 

|| ‘ Phys. Rev.,’ vol. 38, p. 2000 (1931). 

{| ‘ Bull. Int. Acad. Polonaises,’ A, vol. 1A, p. 16 (1931). 
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to a distance of about 40 cm. and its duration was 8 seconds. The brightest 
part of the spectrum of the afterglow was found to extend from A 3850 to 
2 4836, and to be quite free from the Angstrém bands of CO, which were the 
most prominent feature in the spectrum of the exciting discharge. No further 
details of the spectrum, however, were given. 

The present investigation of the spectrum of the CO, afterglow was under. 
taken in connection with work in progress on the spectrum of the flame of 
carbon monoxide. This flame spectrum has been found to have nothing in 
common with the spectra of oxides of carbon which have been observed in 
vacuum tubes, and it seemed possible that a further investigation of the CO, 
afterglow might aid in its interpretation. It has been found, in fact, that 
apart from slight differences in relative intensities, the bands of the CO flame 
spectrum are identical with those of the CO, afterglow, at least in the region 
24 3500 to 44850. As observed in the flame with considerable dispersion, the 
spectrum is extremely complex and the constitution of the emitting molecule 
cannot yet be certainly stated. The general experimental evidence, however, 
is in favour of the supposition that the bands of the afterglow and of the CO 
flame originate in molecules of COy,. 


Expervmental. 


Attempts to observe the afterglow by drawing gas from the discharge tube 
into a side tube did not give very satisfactory results, and another device 
(due to A. G. G.) was adopted. The main feature of this was the use of a 
mercury break with a shutter adapted so as to cut off the light from the spectro- 
graph when the discharge was passing and to allow it to pass in the intervals 
between the discharges when the afterglow was visible. The mercury break 
was of the usual form, driven by an electric motor, but some of the plates were 
removed so that contact was made and broken only twice in each complete 
revolution. A rectangular flap of brass, blackened so as not to reflect light, 
was secured to the vertical spindle of the break and was adjusted between the 
discharge tube and the slit of the spectrograph so as to permit no light from 
the direct discharge to pass. 

An 18-inch induction coil was used, and it was found necessary to introduce 
a fairly long spark gap in series with the discharge tube. The adjustment of 
the gap in order to obtain the best results was somewhat critical, but with 
due care the arrangement was found to work quite satisfactorily. 

The discharge tube used in these experiments was 50 cm. in length and 7 mm. 


2B2 
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in internal diameter, and of the form shown at Tin fig.1. To facilitate collima- 
tion, the main part of the tube was mounted with its axis vertical, and the 
upper end was closed with a quartz window, G. . The electrodes consisted of 
stout aluminium rods, FF, with a suitable clearance between them and the 
walls of the tube. Of the many discharge tubes which were tried, those of 
about the dimensions stated were found to give the most satisfactory results. 
The discharge tube, and the side tube, A, for preparing the gas, were made of 
pyrex glass, while the remainder of the system was of ordinary glass, joints 
being made with red sealing wax where necessary. No rubber tube was used, 
except in the short lead to the pump. 





Fig, 1. 


The carbon dioxide was prepared by heating magnesium carbonate in the 
side tube, A, and was stored in the litre flask, B. The gas was condensed in the 
side tube, C, by freezing with liquid air, and it was then possible to pump out 
any air or other impurity liberated by the heating of the tube A for the prepara- 
tion of CO,. On removing the liquid air from the trap, ©, the carbon dioxide 
volatilized first, leaving most of the water vapour in ©, which was closed as 
soon as sufficient gas had entered the storage flask, B. The trap shown at D 
was further introduced to remove water vapour by applying either solid carbon 
dioxide or a mixture of aleohol and liquid air. After leaving the reservoir, 
B, the gas passed through a phosphorus pentoxide drying tube, E, into the 
discharge tube. The whole system was first evacuated by a good mechanical 
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pump, giving a pressure estimated at 0-001 mm., and a charcoal-liquid air trap, 
H, was used further to improve the vacuum. 

Light from the discharge tube passing through the window, G, was reflected 
by a small speculum mirror through a right angle, to render the beam of 
light horizontal and in coincidence with the collimator of the spectrograph. A 
quartz lens placed near the mirror formed an image of the discharge on the 
rotating shutter, and a second quartz lens focussed the light from this image 
on the slit of the spectrograph. Care was taken that full illumination of the 
collimating lens was secured. 


Occurrence of the Afterglow. 


The afterglow, as noted by Mlle. Kaczyriska, was observed to be of a bluish- 
grey colour, but it was always very feeble, so that long exposures were necessary 
for photographs of the spectrum. Under favourable conditions, it was observed 
to persist for about two seconds when the experiment was made in a darkened 
room. A powerful discharge was found to be necessary for its production. 
Experiments with a condensed discharge, however, were not very successful 
on account of the intense heating of the discharge tube; the afterglow was 
still present, but was less blue in colour, and the spectrum was the same as 
that obtained when the uncondensed discharge was used. 

The afterglow was better observed the more completely the CO, was dried, 
but although the “ water vapour” bands at 23064 did not appear in the 
spectrum of the discharge itself, they were always present in that of the after- 
glow. 

As possibly having some bearing upon the interpretation of the afterglow 
and its spectrum, observations were also made with the same apparatus when 
CO was substituted for CO, in the discharge tube, the CO being prepared by 
dropping formic acid into pure sulphuric acid. In the first experiments, a 
very feeble afterglow was observed but this disappeared completely when water 

vapour was removed by the use of the liquid air trap D, (fig. 1). Under these 
conditions, with the gas at various pressures, exposures of 10 hours duration, 
using a small spectrograph and a wide slit, yielded no trace of an afterglow 
spectrum. ‘The admission of a trace of water vapour, however, caused the 
reappearance of a feeble afterglow, and this was again extinguished when a 
larger quantity of water vapour was introduced. A photograph obtained 
when the afterglow was present, though rather weak, was sufficient to show that 
the spectrum was the same as that obtained when the gas in the discharge 
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tube was CO,. No afterglow at all was observed when water vapour alone 
was passed through the discharge tube. 


Spectrum of the Exciting Discharge. 


A photograph of the spectrum of the discharge which appeared to be most 
effective in generating the afterglow is reproduced, together with that of the 
afterglow, in Plate 4, Nos. 1 and 2, The main features of the spectrum of 
the discharge are the Angstrim bands of CO and the so-called “ Third Positive ” 
bands of this gas, all of which are of great intensity. Bands which have been 
attributed to CO,, among which are bands degraded towards the red, having 
their heads at AA 3247, 3370 and 3503, were entirely absent. In the further 
ultra-violet the bands appearing in the discharge tube (out of range in Plate 
4) were those of the ‘‘ Fourth Positive” system of CO. The bands of Des- 
landres’ “ First Negative ” group, which require much greater energy for their 
production, and are now attributed to CO*, were entirely absent. 

It should be noted further that the spectrum of the discharge gave no indi- 
cations of either molecular or atomic carbon, and no evidence of the presence 
of atomic oxygen. Since the CO shown in the spectrum of the discharge tube 
has been derived from CO,, oxygen must also have been present, and in view of 
the absence of the well-known bands due to ionized oxygen molecules (O,*), 
it must be concluded that the oxygen liberated under the conditions of the 
present experiments was in the form of neutral oxygen molecules. The most 
characteristic bands of such molecules, however, have been observed only in 
absorption, and no direct confirmation of their presence was given by the 
spectra obtained. 

The phenomena observed in the afterglow would accordingly appear to 
depend upon the interaction between neutral oxygen molecules and excited 
neutral molecules of carbon monoxide. 


Spectrum of the Afterglow. 


On account of the feeble luminosity of the afterglow, photographs of the 
spectrum could be obtained only with instruments of small dispersion. Several 
photographs were taken with a Hilger small quartz spectrograph (E3) and 
others with a large-aperture glass spectrograph giving about 25 times the dis- 
persion in the blue and nearly twice the rapidity. 

The character of the spectrum, as depicted with small dispersion, will be 
gathered from Plate 4, No.2. In agreement with Mlle. Kaczyiska, it appears 
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quite conclusively that the spectrum of the afterglow has nothing in common 
with that of the exciting discharge. The spectrum consists of a succession of 
narrow bands of various intensities, following each other at short intervals, 
and the bands are not clearly degraded either towards the red or the ultra- 
violet. The bands could not be identified with any of the numerous band 
systems of CO or with the known bands of CO,, but, in due course, it was 
recognized that the spectrum was closely similar to that of the flame of CO 
burning in air or oxygen. The similarity of the two spectra will be gathered 
from the comparison of spectra Nos. 2 and 3 in Plate 4. There are slight 
differences in the relative intensities of some of the bands, and in contrast with 
the CO flame the afterglow is comparatively free from continuous spectrum, 
so that the characteristic bands are more clearly displayed. On account of the 
much greater brightness of the flame, the true character of the spectrum can at 
present be more completely investigated by observations of the flame than of 
the feeble afterglow. 

Numerous experiments have been made with vacuum tube discharges of 
various forms in the hope of obtaining a brighter source of the afterglow 
bands, but so far they have not been successful. 


Spectrum of the Flame of CO. 


An extended series of observations of the flame spectrum of CO under varied 
conditions was made in Professor Bone’s laboratory a few years ago by Weston.* 
His papers on the subject included a description of the spectrum by one of the 
present authors (A. F'.) and approximate measures of 52 of the principal bands 
in the region 43911 to 15555. These measures were made on a plate taken 
with a Hilger E2 quartz spectrograph, and in view of the ill-defined character 
of the bands they were believed to be subject to errors amounting to at least 
2 or 3 Angstréms. It was concluded that “the CO flame bands constitute 
a characteristic spectrum which is quite distinct from the more familiar oxy- 
carbon bands which have been observed in vacuum tubes.” 

Among numerous other results, it was found by Weston that when the gas 
was burnt in air at reduced pressure, the banded part of the spectrum became 
more distinct, while the continuous part became less intense. By the kind 
permission of Professor Bone, one of the photographs taken under these con- 
ditions (No. 15 on Plate 1 of Weston’s first paper) is reproduced in No. 3, 
Plate 4, for comparison with the afterglow spectrum, No. 2; this represents 


* * Proc. Roy. Soc.,’ A, vol. 109, pp. 176, 523 (1925). 
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the flame of CO burning in oxygen at a pressure of 100 mm. In this photograph 
the bands occupy precisely the same positions as those of CO burning in air at 
ordinary pressure, and a careful comparison has shown that they are also in 
complete agreement with the bands of the afterglow. 

An important observation made by Weston was that when the CO was well 
dried, the water vapour bands, which are prominent when the undried gas is 
burnt, were almost absent from the spectrum, while the continuous and 
banded parts of the spectrum were apparently unchanged. The characteristic 
features of the flame spectrum thus appeared to be independent of the 
presence or absence of water vapour. 

The conclusion reached by Weston, with the support of Professor Bone, was 
that “in the flame of pure (undried) carbon monoxide, two sets of independent 
interactions occur simultaneously, namely, (a) direct interactions between 
carbon monoxide and oxygen, exciting radiations which give rise to the con- 
tinuous and banded parts of the spectrum, and to the characteristic blue colour 
of the flame, and (6) interactions between CO and OH, molecules, which originate 
the ‘ steam lines ’ in the spectrum.” There was, however, no evidence at that 
time to show whether it was molecular or atomic oxygen that was concerned 
in the interaction of carbon monoxide with oxygen. 

The spectrum of the CO flame has also been investigated by Kondratjev* 
over the region 4 2800 to 2.5000. In these experiments, a mixture of CO and 
QO, in combining proportions was passed through a quartz tube which was 
heated in an electric furnace to temperatures of 600°-750° C., the pressure of 
the mixed gases ranging from 20 mm. to60 mm. From the reproduction of the 
spectrum and the tabulated wave-lengths of the bands measured, it seems clear 
that the spectrum obtained in this way did not differ materially from that of 
the CO flame in air or oxygen. Kondratjev gave several reasons for attributing 
the characteristic bands to CO,, but did not consider that this conclusion was 
finally established. 

The afterglow spectrum, as photographed with small dispersion, has an 
appearance of simplicity which is not maintained when its analogue in the CO 
flame spectrum is photographed with the larger dispersion of Hilger’s quartz 
spectrographs E2 and El. With these instruments the spectrum has been 
found to be extremely complicated, consisting of a great number of narrow 
bands of various intensities, many of them being double. A few bands are 
possibly shaded to the red, but the majority of them are not clearly degraded 
in either direction. Some progress has been made in the analysis of the 

* * Z. Physik,’ vol. 63, p. 322 (1930). 
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structure of the spectrum, but the results are still far from complete. The 


complicated system of bands, however, strongly suggests that the origin of the 
spectrum is something more complex than a diatomic molecule. 


Summary and Conclusions. 


The more important results of the experiments which have been mentioned 


above may conveniently be summarized as follows :— 


(1) The spectrum of the afterglow of CO, is different from any known 
spectrum given by oxides of carbon in vacuum tubes, but has been 
found to resemble that given by the flame of CO burning in air or 
oxygen. 

(2) The spectrum of the exciting discharge indicates that the afterglow is 
generated by the interaction of excited neutral molecules of CO with 
neutral molecules of oxygen. Under the conditions which gave rise to 
the afterglow, there was no evidence of dissociation of the CO, other 
than into neutral molecules of CO and Q,. 

(3) The characteristic bands of the CO flame spectrum are independent of 
the presence of water vapour in the CO undergoing combustion (Weston). 

(4) The HO bands which occurred in the spectrum of the afterglow probably 
originated in interactions between excited CO or O, molecules and water 
vapour which was present in quantities too small to reveal its presence 
in the exciting discharge. 


These observations appear to be entirely in favour of the view that the 
bands of the CO, afterglow, and of the CO flame, are produced by the direct 
combination of CO and O,, without dissociation into atoms of carbon and oxygen 
or molecules of carbon. 

The probability that the characteristic bands of the afterglow represent CO, 
molecules is also strongly suggested by the great complexity which is revealed 
by the use of spectrographs of adequate resolving power. 


DESCRIPTION OF PLATE. 


Fic. 1.—Spectrum of CO, discharge by which the afterglow shown in No. 2 was generated. 
Exposure 6 seconds. The Angstrém and Third Positive bands of CO are very con- 
spicuous. The Fourth Positive CO bands were also present but are out of range in 
the reproduction. 

Fic. 2.—_Spectrum of the CO, afterglow. Exposure 12 hours. 

Fic. 3.—Spectrum of the flame of CO burning in oxygen at a pressure of 100 mm. (Weston). 
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(2) The effect of surface on the reaction has been studied. 

(3) The length of the induction period has been observed to pass through a 
maximum with increasing pressure of nitrogen peroxide. 

(4) A reaction mechanism has been suggested. Oxygen atoms arising from 
the nitrogen peroxide are assumed to start chains in which CH, radicals and 

oxygen atoms are concerned. These ultimately lead to explosion of the gases 

_when a limiting velocity involving self-heating of the mixture is reached. The 
Stheory is in agreement both with the kinetic results of the present paper and 
With the analytical data of Bone and others relative to the products of 
Sexplosion and slow reaction. 








Band Spectrum of Aluminium Chloride (AIC). 


y Bb. N. Buapurt, M.Sc., Research Student, Imperial College, South 
Kensington, and A. Fowrer, F.R.S., Yarrow Research Professor of the 
Royal Society. 
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In the course of experiments on the spectrum of hydrogen chloride, a strong 
band system having its greatest intensity about 42610 was observed when 
using discharge tubes with aluminium electrodes. It was found that these 
bands had previously been noted by Jevons* as occurring in his experiments 
60n silicon chloride in active nitrogen, and had subsequently been described 
& and attributed by himf to aluminium chloride. The photographs obtained 
A by the authors, however, showed this band system in far greater detail than 
those of Jevons, and as it obviously included a large number of bands associated 
with the heavier isotope of chlorine, it seemed desirable to investigate the 
Structure of the spectrum more completely. 
For the more complete production of this band system, Jevons passed 
discharges through the vapour of aluminium chloride, AlCl,, and this method 
__ has been adopted in the present investigation. As obtained in this way, the 
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band system extends from 2555 to about 2810 and exhibits features 0 
considerable interest besides those due to the presence of isotopes. 

The experiments made by Jevons left no doubt that the bands under con- 
sideration originated in molecules containing aluminium and chlorine. Thus, 
the bands were not detected in the spectra of discharges between aluminium 
electrodes in gases other than chlorine, nor in chlorine between electrodes of 
gold. The vibrational analysis included in the present paper further demon- 
strates conclusively that the bands are due to diatomic molecules AICI. 


Expervmental, 


The discharge tube employed was of ordinary H form, having a capillary 
about 1 mm. in diameter; it was made of pyrex glass and was provided with 
a quartz window to permit observations in the ultra-violet. The electrodes 
were of aluminium. A side tube contained the (solid) aluminium chloride 
AICI, and a liquid air trap and a tube containing caustic soda were introduced 
to prevent chlorine reaching the pump. ; 

After the exhaustion of air, the discharge tube was readily filled with the 
vapour AICI, by gently heating the container with a Bunsen flame. On the 
displacement of air by the vapour, the colour of the discharge became pale 
blue, and there was no difficulty in maintaining a fairly constant pressure 
by continuous pumping and appropriate heating of the chloride. The vapour 
was pumped away from the window end of the discharge tube so as to minimize 
the solid deposit on the window itself. 

The discharge was supplied by a Ferranti transformer, the primary being at 
80 volts and taking a current of 3 amperes. An uncondensed discharge was 
used throughout. The discharge tube was thoroughly “ cleaned ” by pumping 
and heating before taking photographs, and the spectra were remarkably 
free from lines or bands due to impurities. 

After a few preliminary photographs had been taken with smaller instruments, 
Hilger’s K1 quartz spectrograph was used exclusively. With this instrument 
the dispersion ranges from 4 A. per millimetre at 4 2810 to 3 A. per millimetre 
at 2600, and the definition and resolution were very satisfactory. Exposure 
varied from 5 minutes for the brightest region about 4 2610 up to 3 hours for 
the fainter bands on both sides of this. Ilford ordinary plates were used. 

The iron arc was used for reference spectra, standard wave-lengths being 
taken, so far as possible, from the tables published by the Internationa 
Astronomical Union.* When these were inadequate in number for satisfactory 

* * Trans. Int. Astr. Union,’ vol. 4 (1933). 
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interpolations, they were supplemented by interferometer values for the 
vacuum iron are given by Burns and Walters.* 

Although the dispersion and resolution on the photographs may have 

appeared sufficient to justify an attempt to determine wave-lengths approxi- 
| mately correct to the third decimal place, it has not been considered desirable 

to express the wave-lengths to more than two decimal places. Experience 
—has shown, in fact, that when the plate is at a large angle to the spectrum, as in 
Sa quartz spectrograph, small errors are liable to be introduced by the lack of 
2 perfect flatness of the plates. Further, there is usually some uncertainty as to 
correct settings on the heads of bands, and different observers might get 
—slightly differing wave-lengths. The results of the vibrational analysis, 
Showever, indicate that’ the wave-lengths are mostly correct to within two or 
‘Sbthree hundredths of an angstrom. 


Description of the Spectrum. 


The spectrum cannot be adequately described without reference to photo- 
graphs, some of which are reproduced in Plate 8. Spectrum a gives a general 
® view of the whole system of bands, with the exception of a few faint bands 
7 towards the red limit, which have been omitted in order to permit the repre- 
sentation of the spectrum on a somewhat larger scale. Spectra 6 and c show 
different regions on a still larger scale. 


nH 


G4, it will be seen that the great majority of the bands are shaded towards 


—_ 
Bay 


«= the red and are spaced with obvious regularity. There are, however, two 
= strong short sequences of bands which are shaded in the opposite direction, 
“4 the least refrangible heads being at (2685-68 and 2649-73 respectively. 
2 The heads of most of the bands are very sharply defined, but the rotational 
Structure is too fine for resolution except in a few bands, and especially in 
those which appear on the more refrangible side of the strong group at A 2610, 
where the dispersion is greatest. 

The principal band heads occur in pairs and are due to the more abundant 
’ molecules AICI, These, when bright enough, are duplicated by fainter 
pairs which represent the less abundant molecules AICI®’, As will appear 
_ later, the origin of the band system is near 4 2613-4, on the red side of the 
great band head at 2610, and the heavier isotope bands are displaced from 
the brighter bands due to AICI°5 by amounts which are roughly proportional 
to the respective distances of the various bands from the origin of the system. 
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Thus, on the red side of the origin, the displacements are towards the extreme 
ultra-violet and range from 32 units of wave number at ) 2810 to less than one 
unit at the 12617 band, which is near the system origin. On the other hand, 
on the more refrangible side of the origin, the bands due to the heavier mole- 
cules are displaced towards the red, the displacement amounting to 9 waye 
number units at . 2555 where the last band is observed, These features will 
readily be noted on examination of the photographs, and they are indicated 
quantitatively in the tables which follow. 

The general appearance of the double-headed bands at once suggests that 
the (usually) stronger components represent R branches, whilst the fainte 
ones, which have equally sharp heads, represent Q branches. P branches, 
which do not ordinarily form sharp heads (in bands shaded to the red) may bi 
superposed on the Q branches, but this cannot be determined for want o 
adequate resolution of the rotational structure. For the purposes of thi 
present paper it will suffice to designate the probably combined P and @ 
branches as Q. In general the R bands extend only a short distance from 
their heads and show no signs of structure with the dispersion employed 
whilst the Q bands extend further and are in places partially resolved. . 

The appearance of the spectrum in the main group is considerably modifie 
in some of the photographs on account of absorption by the luminous vapo 
which occupied the space between the end of the capillary of the disché 2 


of the band heads were definitely reversed. In the present paper, however, a 
attempt has been made to eliminate these absorption effects, so that the dat 
presented refer exclusively to the spectrum of emission bands. The peculiari 
of the absorption effects will form the subject of a further investigation. ’ 

Another modification of the main group of bands was found when the inter sit 
of the discharge was considerably reduced. In particular, the head at 426 
then became very feeble, as in one of the photographs reproduced by Jevoni 
This is the R 0, 0 band and its head is at a considerable distance from the band 
origin; it may therefore be supposed that with low excitation the rotati on 
band lines do not extend sufficiently far from the band origin to reach th 
head with any great intensity. In bands further removed from the system 
origin the heads are nearer to their respective band origins and appear fully 
developed. 

In addition to the system of bands which has been described, Jevons observed 
eight bands, also degraded towards the red, in the region A 3596 to A 3111. 
The heads were widely separated and were of sufficiently open structure to 
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be partially resolved even with very small dispersion. These bands, however, 
were not observed in the present experiments, and as they have no apparent 
relation to the AICI bands, they may possibly have originated in some impurity. 


Vibrational Analysis. 


Most of the bands were easily arranged in a v’ v” scheme representing tran- 
sitions between initial vibrational levels v’ and final levels v’’. Consideration 
of intensities suggested that the most refrangible head in the main group at 
i 2610-23 was to be taken as R 0, 0, whilst a band at 4 2614-44 was Q 0, 0. 
This assignment of the vibrational quantum numbers was subsequently 
confirmed by the close agreement between the calculated and observed 
magnitudes of the isotope displacements when the origin of the system had 
been determined. 

The distribution of the band heads is exhibited in the usual manner in 
Table 1. The bands are there arranged in groups such that a complete group 
includes the main R and Q heads and the associated isotope heads R‘ and Q‘, 
in the order Q, Q', R and R*. Some of the groups are incomplete on account 
‘of the low intensity of one or more members, and others because of their 
proximity to the system origin and the consequent very small displacements 
of the isotope heads. 

The differences v,,— v»_;, and vy.» — v4.1, are shown in Table I for 
both R and Q heads. It will be seen that the differences for the Q heads are 
very uniform in the same vertical column or horizontal row, proving that the 
measured positions of the Q heads are very close to the respective band origins. 
The corresponding differences for the R heads, as was to be expected, show no 
such uniformity, on account of the varying distances of the R heads from 
their band origins; the variations, however, are quite systematic. 

Assuming then that the Q heads represent band origins, the origin of the 
system can be calculated in the usual way by adjusting the observed wave 
numbers of these heads to the well-known general formula* 


Yo= ve + [o’. (0h +4) — 27,0, (0 +3? + yo, (% + 3)*) 
~ < [a (v”’ -h 3) + e". a”, (v’ + 4)?), 
where vy, represents band origins and v, the origin of the system. A cubic 


term is quite unnecessary for the final levels (v’’) in AICI, as clearly appears 
from the uniformity of the second differences between successive Q bands. 


Downloaded from https://royalsocietypublishing.org/ on 16 


* See Jevons’ “ Report on the Spectra of Diatomic Molecules,” ‘ Phys. Soc.,’ p. 56 (1932). 





¢ 


_ 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


Onm-I9S2 oR ON O&O 


















326 B. N. Bhaduri and A. Fowler. 


The mean value of the second differences is 3-9 units of wave number, and 
the half of this, 1-95, has been adopted for the coefficient x”, w”’,. With this 
value, the bands 2, 0 and 2, 2 gave w”’, as 481-20, while 9,11 and 9, 13 gave 
481-40; taking the mean of these, 481-30 was adopted for w’”,. 

Next, by a graphical extrapolation of the main sequence (0,0; 1,1; ete.) 
the origin of the system, v,, was found to be very near to v 38254. With 
this and the constants w”, and 2”, w’’, already determined, values of w’,, 
x’, w’, and y’, «’, were calculated from the three Q heads 0,0; 5,6; and 9, 12. 
The resulting equation for the Q heads of the whole system was thus found to 
be : 


Vp = 38254-0 + [449-96 (v' + 4) — 4-37 (v’ + 4)? — 0-216 (v’ + 43] 
— [481-30 (v" + 3) — 1-95 (v” + 3)*). 


With these values of the constants, the agreement between the calculated 
and observed wave numbers of the Q heads is as close as can be expected and — 
the sums of the positive and negative residuals are so nearly equal as to justify 
the retention of 38254-0 for the system origin. 


Table II.—Observed-Computed Wave numbers of Q Heads. 


0 l 2 3 4 5 6 7 8 9 10 ll 
0-0* 0-0 +0°-3 
—0-6 -—0-3 +1-2 +1:-4 
—0-4* —0-6 —0-3* +1-7 
—0-1 —1-1 —0:3 —0-7 
—1-0 -—1-0 —1-0 —0-3 +0-8 
—1-4 —1-1 —1-4 0-0* +0-7 +0-9 —1-°3 +3-7 
—0:9 —0°6 +0-6 +1-0 —1-6 +2-9 +3-0 
+0:5 +0-7 —1-1+2-0 +2-2 41:8 
+1-3 +18 +1-7 


—0-1* —0-2* 
* Used in calculation of constants. 


It is of some interest to note the extent to which such an equation is capable 
of representing the band origins in an extended system. The observed minus 
calculated values for the Q heads are accordingly collected in Table II, where 
the bands used in the calculation of constants are marked with an asterisk. 

The deviations from the formula are due in part to errors of observation, 
but it will be noted they are mostly of a systematic character and thus indicate 
the general accuracy of the observational data, There is, however, a marked 
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_ discontinuity of the residuals at v’ = 9 which suggests a small perturbation 
of this level. 


For the 47 heads the mean deviation, regardless of sign is +- 1-1 


ently exact for the calculation of isotope displacements. 


\O 


Bands Degraded away from the Red. 


— An unusual result of the vibrational analysis is that the strong bands 
S degraded away from the red, which have previously been mentioned, find 
places in the v’ v’’ scheme for Q bands which are shaded towards the red. 
=> These also are accompanied by isotope bands which are displaced from the 


while the algebraical mean is + 0-1, and it is clear that the formula is suffici- 


= main bands by amounts in close agreement with those calculated on the 


S supposition that they belong to the system having its origin at v 38254. In 
Bb Table III the observational data are compared with the values calculated from 


= the general formula and from the formula for isotope displacements which 
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Table I11.—Bands Degraded away from the Red. 


A (Int.). 


2685-68 (6) 
2684-82 (3) 


2683-11 (6) 
2682-26 (3)* 


2681-10 (4) 
2680-29 (2) 


2649-73 (4) 
2649-30 (2) 


2647-50 (6) 
2647-08 (3) 


vy obs, 


37223 - 
37235 - 


~~ Cr 


37259 - 
37270: 


o-_ 


37287 - 1 
37298 -3 


37728 °5 
37734-6 


37760 °3 
37766 +2 


vy cale, 


37221°8 


37257°7 


37286 -8 


37727-3 


37760°-3 


Isotope displacement. 


Observed. 


} 11-9 
\ 11-8 
\ 11-2 
\ 6-1 
\ 5-9 





Calculated. 


Co 
to 


5-6 





* There is a line or bandhead at A 2682-19 (v = 37272-1) which is too strong to represent 


the isotope alone ; the presence of this makes the observation of the true isotope difficult. 


The differences between the calculated and observed positions of the bands 
may be attributed to imperfections of the formula as well as to errors of 
observation, and the agreements, both for positions and isotope displacements 
It must be concluded that the bands degrading 
away from the red form part of the system which is mainly composed of bands 
degraded in the opposite direction. 


are too close to be accidental. 
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It may be remarked that this feature is not quite identical with, for e2 : 
the occurrence in the CN spectrum of bands degraded to the red (the »0-<l 
“ tail-bands ” of CN) in the same parts of the spectrum as the chief bands which 
degrade away from the red. The possibility of this juxtapostion arises from 
the relatively small difference between the coefficients 2’, w’, and z’’, w’,, so 
that high quantum numbers yield bands which appear in the same regions 
as those having smaller ones. In the present spectrum, this difference is 
also small, but the peculiar bands occur with low quantum numbers and haye 
correspondingly great intensities. 

As may be seen from Table I, the wave numbers along the sequences of the 
peculiar bands decrease in passing to the higher quantum numbers in a manner 
ordinarily regarded as appropriate for bands degraded towards the red, and 
thus provide an exception to the general rule. 


Separation of Q and R Heads. 


The spectrum of AICI brings out very clearly some of the properties of band 
spectra, and for this reason it will be useful to collect the wave number 
differences between the Q and R heads in a form that will indicate the systematic 
character of the variations. This is done in Table IV. 


Table [V.—Separations of R and Q Heads. 


It will be observed that the RQ separations are comparatively large in the 
neighbourhood of the system origin and become small with the higher quantum 
numbers. The variations, however, are clearly systematic. 


The Isotope Bands. 


As already indicated, many bands due to the molecules AICI’ are very 
clearly developed in association with the corresponding bands of the nor : 
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abundant molecules AICI. Their wave numbers are included in the vibrational 
analysis, Table I, and in the general list of bands, Table VI. 

It is of interest to compare the observed displacements of the bands of the 
heavier molecule with those calculated from theory. The isotopic displacement 
of a band v’ v” is given by the relation* 


Vow — Vere" a (o—1) (vw —¥,)—(e—1) [x",@’, (v'+$)*—2"".0", (vo +-3)*] 
—2(e —1)[y, o, (Uv +3)? — yo", (+ 3)), 


where v' refers to the isotope and the various coefficients have the values 
Salready shown in the equation for the whole system of bands. The constant 


y : a/ 


on 
Swhere » and p‘ are the “ reduced ” or “ effective ’” masses of the two molecules 
‘awhich are involved. If M, and M, be the masses of the two atoms in a mole- 


3 a= My 

: M, + M, 

: For AlCl we have the masses : 

S C85 — 34-983; Cl? = 36-980; and Al = 26-97, 


> on the scale of O = 16, and with the result that p = 0-98818; or (9p — 1) = 
= — 0-01182. 

3 With this value of (9 — 1) the isotope displacements in AICI are given by 
Sthe equation 
FEV — vere = (91) (Yer —B8254 +0) —(p—1) [4-37 (v'-+-4)2—1-45 (0 4-4)") 

: —2(p — 1) [0-216 (v’ + 4)%]. 


© The displacement is towards higher or lower wave numbers according as 
£ (v‘ — v) is positive or negative. The band due to the heavier molecule is 
always displaced from that of the lighter one in the direction of the system 

The observational data are collected in Table V, and the calculated values 
are enclosed in brackets for comparison. 

The calculated values shown in Table V are vibrational displacements. 
Strictly, these should be corrected for rotational displacement for proper 
comparison with the observed values. The Q heads, being at or close to the 
band origins, are unaffected by the rotational effect, but the R* heads are 
* “ Jevons’ Report,” p. 213. 
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isplaced towards the origins of the respective bands by amounts nearly 
proportional to their distances from their origins. The amount of displace- 
ment is given approximately by 2 (ep — 1) x (R — Q).* For the AICI bands, 
the displacement is approximately one-fortieth of the R — Q separations shown 
in Table IV. For bands on the less refrangible side of the system origin, the 
- corrections are to be subtracted from the calculated vibrational displacements 
and added numerically for bands on the more refrangible side. As will be 
seen from Table IV, these corrections will not exceed 0-6 of a unit of wave 
“number, except for the 0,0 and 1,1 bands in which the displacements are 
Stoo small for measurement. This corresponds to about 0-04 A. and is probably 
c not appreciably greater than the errors of measurement of the distances 
4 = between AICI®® and AICI§? heads. Thus the observed isotope separations for 
= the R heads may be compared with the calculated vibrational displacements 
S without serious error. 
=’ The observed separations entered in Table V are the means of measured 
intervals Q'Q, R‘R when both have been observed ; when only one has been 
2 measured the tabulated Av is followed by the letter Q or R as the case may 


fo 
S he 
. om 









Bit will be seen that the agreement between the calculated and observed 
@ displacements is very close for nearly all the bands. The difference exceeds 
2 one unit in only two of the bands, namely, R 6, 10 and R 9, 13 each of which is 
difficult to measure on account of low intensities. The mean difference 
é Lbetween the observed and calculated values taken without regard to sign 
is 0-5 unit of wave number. 


Distribution of Intensities. 










<3 The intensities of the bandheads have been estimated visually on a scale 
: ranging from 6 for the strongest bands to 0 and 00 for the weakest. In fig. 1 
5 these visual estimates are arranged in a v'v”’ 
— stituted for wave numbers, and it will be seen that the locus of the stronger 
bands is in accordance with Condon’s theoretical interpretation. As expected 
from the theory, since w’, and w”’, are not very different, the parabola is a narrow 
one, as for the yellow bands of SrF and the green bands of BaF, the values of 
w’, and w’’, being nearly the same for all the three spectra. The 0,0 band 
is found to lie near the vertex of the curve and in following the sequence to 
higher values of v’, v’ the intensity is found to fall off in a regular manner. 


scheme, with intensities sub- 


* See “‘ Jevons’ Report,” p. 216, for exact formula. 
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Usually there are two intensity maxima separated by a minimum in acee . 
ance with the prediction of the theory that there are in general two preferre( 
vibrational levels v’’ in the final electronic state for a given vibrational leye' 
v’ in the initial electronic state. 








' Intensity distribution of Q Band-heads. 
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In general, the estimates of the relative intensities of the heads representing 
the more and less abundant molecules, AICI®5 and AICI5’, are in accordance 
with the known ratio of the abundance of the chlorine isotopes (3:1). Ina 
few bands the estimates were difficult on account of their superposition on 
the shading of other bands. 

Classified Bands. 

The band heads which have been classified are collected in order of wave- 
length in Table VI, and most of them will be readily identified in the photo- 
graphs reproduced in Plate 8. 








Table VI.—Classified Bands. 
AA (Intensity). | vy. | Classification. | AA (Intensity). | vy. | Classification. 

2809 - 57 (0) 35582-2 Q 7, 12 2782-57 (1) 35927-4 R8, 12 
08-50 (0) 595-7 R 7, 12 80-21 (0) 957-9 Ri 8, 12 
07-08 (0) 613-8 Qi 7, 12 75-64 (1) 36017-1 Q7, 11 
05-92 (00) 628-5 Ri 7, 12 74-88 (1) 027-0 R 7, ll 
03-37 (0) 660-9 Q 6, 11 73-42 (0) 045-9 Qi 7, 11 
02-32 (0) 674-2 R 6, 11 72-69 (0) 055-4 Ri 7, 11 

2799-80 (00) 706-3 Ri 6, 11 69-33 (1) 099-2 Q 6, 10 
98-28 (0) 725-7 Q 5, 10 68-16 (0) 114-4 R 6, 10 
91-94 (0) 806-8 Q 9, 13 67-43 (0) 124-0 Qi 6, 10 
91-60 (0) 811-2 R9, 13 66-17 (00) 140-4 Ri 6, 10 
89-14 (0) 842-8 Ri 9, 13 64-21 (1) 166-0 Q 5,9 
83-10 (0) 920-6 Q 8, 12 62-34 {0} 190°5 R, Qi 5, 9 
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A (Intensity). vy. | Classification. | | AA (Intensity). | vy. 

2758-76 (0) 36237 °5 Q 9, 12 2653-68 (0) 37672-3 
58-49 (1) 241-0 R 9, 12 49-73 (4) 728-5 
56-31 (0) 269-7 R 9.12 49-30 (2) 734-6 
49-83 (0) 355-2 Q 8, 11 47-50 (6) 760-3 
49-45 (1) 360-2 R 8, ll 47-08 (3) 766 +2 
47-42 (0) 387-0 | Ri8, 11 45-25 (1) 792-4 
42-28 (1) 455-3 Q 7, 10 44-92 (2) 797-1 
41-69 (1) 463-1 R 7, 10 44-22 (1) 807-1 
39-90 (0) 486-9 Ri 7, 10 38°55 (2) 888-3 
35-92 (1) 540-0 Q 6,9 38-10 (3) 894-8 
35-01 (1) 5520 | R6,9 37-59 (1) 902+1 
34-35 (1) 561-0 Qi 6,9 32-80 (3) 971-1 
33-43 (0) 573-3 | Ri6,9 32-46 (0) 976-0 
30-58 (1) 611-4 | Q5,8 32-19 (3) 979-9 
29-07 (1) 631-6 Qi R 5, 8 31-83 (1) 985-1 
27-57 (0) 651-8 Ri 5, 8 27-82 (4) 38043 -0 
26-06 (1) 672-1 Q 9, 11 27-55 (1) 046-9 
25-83 (1) 675-2 R 9, 11 27-00 (3) 054-9 
17-10 (1) 793-1 Q 8, 10 26-74 (2) 058 +7 
16-73 (1) 798-1 R 8, 10 23-54 (5) 105-1 
15-11 (0) 819-9 Ri 8, 10 23-41 (2) 107-0 
09-41 (2) 897-5 Q 7,9 22-40 (4) 121-6 
08-95 (2) 903-7 R7,9 22-24 (2) 124-0 
07-97 (0) 917-1 Qi 7,9 19-98 (4) 156-9 
07-56 (1) 922-7 Ri 7, 9 19-89 (2) 158-2 
02-94 (2) 985-8 Q 6,8 18-21 (3) 182-7 
02-26 (3) 995-1 R 6, 8 16-97 (4) 200-5 
01-70 (1) 37002-8 Qi 6, 8 14-44 (8) 237-7 

01-04 (1) 011:8 | R68 
2697 - 43 (3) 061-3 Q 5,7 10-22 (5) 299-5 
96-39 +} 075-6 Qi, R 5,7 07-06 (1) 345-9 
95-31 (1) 090-5 R' 5, 7 06-68 (2) 351-5 
92-80 (5) 125-1 Q 4, 6 O1-14 (3) 433-2 
91-80 (2) 138-9 Qi 4, 6 00-67 (3) 440-2 
91-12 (2) 148-2 R 4, 6 2596-04 (3) 508-7 
90-13 (1) 161-9 | Ri4,6 95-52 (1) 516°4 
85-68 () 223-5 | Q2,4* 95-42 (2) 517-9 
= 85-05 (1) 232-2 | Q8,9 91-64 (2) 574°+1 
= 84-82 (3) 235-4 | Qi2,4* 91-02 (1) 583-3 
— 84:56 (1) 239:0 | R89 90-81 (2) 586-4 
83-11 (6) 259-1 | Q1,3* 87-88 (1) 630-1 
= 82-26 (3) 270-9 Qi 1, 3* 86-98 (1) 643-6 
S 81-10 (4) 287-1 | QO, 2* 86-72 (2) 647-4 
— 80-29 (2) 298-3 Qi 0. 2* 84-70 (0) 677-6 
2 77-12 (0) 342-5 Q 7,8 83-37 (0) 697-5 
O 76-71 (2) 348-2 R 7,8 83-01 (0) 702-9 
s 76-13 (0) 356-3 Qi 7,8 75°74 (0) 812-2 
362-3 Ri 7,8 70-40 (0) 892-8 
435°5 () 6, 7 70-02 (0) 898-6 
443-0 R 6,7 69-63 (1) 904-5 
454°7 Ri 6, 7 65-27 (0) 970-6 
514-6 Q 5, 6 64-76 (1) 978-3 
525:3 | Qi, R5,6 64-27 (1) 985-8 
535-5 Ri 5, 6 60-75 (0) 39039 +4 
581-9 | Q4,5 60-16 (1) “4 
590-4 | Qi4,5 59-60 (1) 056-9 
598-1 | R4,5 56-87 (0) 098-6 
606-7 Ri 4, 5 56-28 (0) 107-6 
639-0 Q 3, 4 56-07 (0) 110-8 
647-2 Qi 3, 4 55-46 (1) 120-2 

664-8 R 3, 4 

* 


Degraded away from red. 
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For completeness, particulars of a few faint bands which do not appe 
in the list of classified bands are given in Table VII. Some of these m; 
possibly represent lines, as it was very difficult to distinguish faint band hea¢ 
from faint lines unless places could be found for them in the vibration; 
analysis. 

In addition to the bands, a few distinct lines also occur in the photograp 
of the aluminium chloride spectrum. The most prominent are due to alumini 
(Al IT) including 14 2816-2 (4) 2660-39 (2), 2652-48 (5), 2631-60 (1),2 575-40 (2 


Table VII.—Faint Unclassified Bands. 


MA Int. vw, | A Int. vy. 
2810-12 (0) 35875-2 2759-47 (0) 36228: 1 
2788-19 (0) 855-0 2721-82 (1) 729°3 
2779-88 (0) 962-2 2719-95 (1) 754-6 
2777-90 (0) 987-8 2706-53 (0) 936-7 
2777-48 (0) 993-3 2689-72 (0) 37167°6 
2766-78 (0) 36132-5 2686-13 (1) 217-3 


2575-12 (3) and 2568-00 (3). Other lines which appear with varying intensitie 
but are mostly faint, are due to silicon, from disintegration of the discharg 
tube, and to iron from a slight impurity in the aluminium electrodes. 
are still other lines which are probably due to Cl II, namely, 44 2687 -95 (3),’ 
2620-19 (1), 2617-02 (4) and 2614-32 (3). Unidentified lines include strong 
lines at 2A 2688-90 (5),* 2614-19(5) and fainter ones at 2A 2670-58 (1), 
2636-44 (2). 


* [Added in proof May 1, 1934—Professor W. E. Curtis has pointed out to the author 
that the two “lines” recorded at (A 2688-90(5), 2687-95(3) (see Plate 8, 6) closely agret 
in positions with the Q and Q‘ heads which might be expected at v’v’ = (3, 5). The wai 
numbers are respectively 37178-9 and 37192-0, while the position of the Q head calculates 
from the general formula is 37178-8 and the difference Av = 13-1 compares favourabl, 
with the calculated isotope separation 12:4; the relative intensities are also approp 
to Q and Q’. It is therefore very probable that Q (3, 5) marks a point at which the 
values* for the upper (B’) and lower (B”) states are so nearly equal that the band I 
of the Q and Q! branches are superposed and thus present the appearance of simple li 
or undegraded bands, 

With this addition the v’’ — v’ = 2 sequence is complete from (0, 2) to (9, 11). 
(4, 6) to (9, 11) the degradation is towards the red, and from (0, 2) to (2, 4) away from tl 
red, (3, 5) being a transition stage. There must accordingly be a “ crossing over @ 
B values in this sequence near the (3, 5) bands ; that is, for pairs of values of v’ 


* In the rotational term, B = h/8x*cI, where I is the moment of inertia of the r 
molecule, and the other symbols have their usual meanings, 


EE” 
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Summary. 


A band system having its greatest intensity at 4 2610 has been photographed 
with high dispersion in vacuum tubes containing the vapour of aluminium 
chloride. The system extends from ) 2555 to about 42810, and with a few 
_. exceptions, the bands are degraded to the red. The heads of the 
»ands occur in pairs which have been interpreted as representing R and Q 
ranches. Along with the main bands due to the lighter molecules AICI** 
there are associated bands which originate in the heavier molecules AICI? and 
» displaced in accordance with theoretical expectation. 

An unusual feature of the band system is the occurrence of two short 
quences of bands which are degraded away from the red, in opposition to 
the remaining bands. These have low vibrational quantum numbers and are 


6 May U2 1 


On 


5 | 
vy 


than (3-5), (B’ — B’’) must be negative, while for smaller values it must be positive. 
The observations also show that there is a similar crossing over in the v’’ — v’ = 1 sequence. 
In the absence of rotational analyses, the B values are not known, but Professor Curtis 
suggested a procedure by which relative values of (B’ — B’’) derived from separations 
epf the R and Q heads in the “ normal” bands may be extrapolated to give approximate 
ratues for the bands which are degraded in the opposite direction. In this way it can be 
that a change of sign of (B’ — B”) is to be expected in the positions where the bands 
away from the red are observed. 

5 Theory (Jevons’ Report, p. 44) gives 


= 
fa 


ui 


ite money 
VR va 27 4(B’ = B”) 


and since (B’ +- B’’) will vary relatively slowly with v, the (B* — B’’) values will be approxi- 
=mately proportional to the reciprocals of vy — vg. Reciprocals of the separations of the 
“normal R and Q heads given in Table IV were accordingly arranged in a v’v”’ table, and 
"gwere ag’ v0 show a definitely linear decrease of the negative values of (B’ — B’’) with 
= ’, while they increased with v’ more rapidly than a linear law would indicate. 
4 el then gave positive values for (0-1), (0-2). (1+3), (2-4) and sensibly zero for 
=(1-2). Small negative values were found for (2-3) and (3-5). The band (2,3) is not 
Q recorded i in the observations, but interpolation of its position suggests that the Q head is 

| probably obscured by the strong aluminium line ) 2652-48 (v 37689-4), and re-examination 

of the photographs has shown that there is a faint line or band which may represent the Q' 

2a; comparison with other members of this sequence suggests that (2,3) would not 
J a strong band. 

Notwithstanding the low degree of accuracy of the (B’ — B’’) values obtained in this 
Way, these results provide a satisfactory interpretation of the reversed direction of degrada- 
tion of some of the bands which appear in AICI, and of the occurrence of undegraded 
In the bands degraded away from the red, P heads should occur instead of R, but 
a have not been noted, They would be expected to appear at relatively large distances 

- from the Q heads, and they may thus be observed by adjacent bands, or be too feeble for 
‘observation. 
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of correspondingly high intensity. The close agreement with the positi oni 
calculaied for them, together with the displacements of the accompanyin 
isotope heads, shows that these bands are part of the same system as t 
bands which are degraded to the red. 

The vibrational analysis and the discussion of the isotope bands combir 
to prove that the band system under investigation originates in-the diatomic 
molecules AICI®* and AICIS’. 





Investigations in the Infra-red Region of the Spectrum. Part X.— 
The Asymmetrical Molecule Nitrosyl Chloride, NOCI. 


By C. R. Batmtey and A. B. D. Cassin, the Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry, University College, London. 


(Communicated by F. G. Donnan, F.R.S.—Received January 20, 1934.) 


The infra-red absorption spectrum of nitrosyl chloride was investigated 
with two objects in view. Firstly, if the substance is a covalent compound 
with normal valency linkings, the molecule will probably be asymmetric 
and triangular. If this is so, the absorption bands will show no pronounced 
branch maxima such as are predicted and observed for symmetrical molecule 
and the presence or absence of these maxima in the same conditions of resolu- 
tion and concentration provides a test of the theory according to which the 
spectra of such gases as SO,, ClO,, and Cl,O have been interpreted. The two 
former molecules are required by the theory to be symmetrical, although suel 
symmetry is not to be expected from the ordinary rules of valence. 
experimental fact that the characteristic RB; Q, and R branch maxima at 
absent in NOCI thus provides a verification of the theory. 

Secondly, six electrons are effectively available for binding in the molect “a 
and accordingly* the structure should be triangular with a vertical : 
ONC approximately 120°, and governed by a valence force system. 
molecule should, therefore, show whether or not the structure of triatomics 18 
determined primarily by the number of available binding electrons. 


Experimental. 

The absorption spectrum of NOCI prepared by heating dry sodium chloria 
with nitrosylsulphonic acid shows that such specimens are catamiellil 
* Cassie, ‘ Nature,’ vol. 131, p. 438 (1933). 
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explosion ; but, on the other hand, cordite, although it contains as mue 
as 58 per cent. nitro-glycerine, owing to the fact that it contains a “a 
vaseline, gives a temperature lower than that of ballistite containj 

only 30 per cent. nitro-glycerine and no vaseline. Of course, t 

minimum deflection is the one due to gun-cotton, which contains 

nitro-glycerine. 
Similar experiments have also been repeated with other explosiy “ 
and with different charges, and, in every case, the same comparative 
m results have been obtained. 
S The above refers only to a part of the experiments which have beer 
=> carried out so far. Another series is now in progress for determin ng 
> the other necessary elements which will be required before we can 
‘© accurately express the value of these deflections of the galvanometer in 
¢ degrees of temperature. One important element which comes into play 
& is the inertia of the galvanometer itself in connection with the short- 
2) ness of the time during which the maximum temperature exists, a 
spthere are also other points which are being investigated, and these will 
form the subject of a further communication. 

We have, however, thought it advisable not to delay communicating 
the above results, as already the described method shows the possibilit 
GQ first of all of obtaining approximately an idea of the temperature 
during explosion, and, secondly, it shows a clear way by which the 
comparative temperatures for various explosives can be determined. 
These, taken in connection with the results shown in our former com- 
munication, will serve, we hope, to give a better knowledge of the 
different modern explosives which are now commonly used, 
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“The Spectrum of « Aquile.” By 51 Norman Lockyer, K.C.B., 
F.RS., and A. Fowier. Received January 18,—Read F eb- 
ruary 8, 1900. 

fPuate 1.] 

The study of enhanced lines throws considerable light on the 
spectrum of « Aquil, the peculiarities of which were first described 
by Professor Pickering* and Dr. Scheinert in 1889. In this spectrum 
the lines of hydrogen are strong and broad, but the additional lines, 
instead of being faint and sharp as in most other stars of this class, 
are faint and diffuse, Dr. Scheiner stated that these apparent bands 
were identical with the most conspicuous groups of lines in the solar 
spectrum, and further that this appearance of the spectrum can be- 


* Third Annual Rep, Henry Draper Memorial, p. 5. 
+ ‘Ast. Nach.,’ 2924. 
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nitated by holding a rather faint drawing of the solar spectrum at 
such a distance that the individual lines are no longer visible. — 
From a consideration of the photographs taken at Harvard College 
Observatory, Professor Pickering suggested in 1891 that the diffuse- 
ness of the lines in the spectrum of « Aquilw and certain other 
stars was perhaps due to a rapid rotation of the star.* That rotation 
might be capable of producing such effects had already been suggested 
by Abney in 1877.7 
: m Photographs taken at Kensington with large dispersion, during 1892, 
Ged to the adoption of Professor Pickering’s view, and the spectrum of 
ZAquile was classed with that of # Arietis, in which we apparently 
Spt the same lines quite sharp.} 
©In 1895 Dr. Scheiner again referred to this spectrum,§ and sug- 
sted that it represents a transition stage from the first to the second 
; as an alternative explanation, he mentions the view that the 
spectrum may be a composite one, in which a spectrum of the first 
ppe is superposed upon one of the second. 
‘= In a recent paper|| Dr. Vogel has discussed the spectrum of « Aquile 
‘Chiefly with reference to its motion in the line of sight, but he also 
‘@nsiders the question of the haziness of the lines. He refers to some 
EXperimental photographs which depict the solar spectrum with its 
Bnes broadened by a cylindrical lens, or by a photograph taken out of 
Encus, and states that spectra of this kind have been obtained in which 
he close lines run together so as to produce a spectrum resembling 
Ghat of « Aquile. He adds that the exact comparison of the two 
Spectra shows that the agreement is not perfect, in particular that the 
& group is hardly indicated in the spectrum of « Aquile, while it 
Gomes out strongly in the solar spectrum when thrown out of focus. 
He accordingly places the spectrum of « Aquile in his Class Iw 3, of 
dwhich « Cygni, 8 Cassiopeiw, and Procyon are members,‘] and further 
“oncludes that the lines are broadened in consequence of rapid rotation, 
"Sithout, however, referring to previous suggestions to the same effect. 
The general result is that while Vogel classes « Aquile with « Cygni, 
avhich, on the meteoritic hypothesis, is a star of increasing tempera- 
ure, the work at Kensington indicates that it should be classed with 
stars like 8 Arietis, which there is every reason to believe to be cool- 
ing. This difference as to facts is so important that the whole question 
has been re-investigated. 


* “Annals Harv. Coll. Obs.,’ vol. 26 (1891), Pt. I, p. 21. 
t+ ‘Monthly Notices R.A.S.,’ vol. 37, p. 278. 
t ‘Phil. Trans.,’ A, vol. 184 (1893), p. 697. 
§ ‘Pub. Ast. Obs. zu Potsdam,’ vol. 7, Part IT, p. 232. 
70 Sitzber. Akad, Berlin,’ Nov. 1898; translated in ‘ Astrophys. Journ.,’ Jan. 
§] ‘ Astrophys. Journ.,’ vol. 2 (1895), p. 346. 
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The Kensington Photographs. - 


An investigation of the spectrum of a Aquile was commenced = 
Kensington in 1890, and, with the various instruments employed up 
to 1892, fifteen negatives were obtained.* In all these the lines 
were ill defined, and it was decided to take a special series of photo- 
graphs “in order to determine whether the haziness of its spectrum 
lines is invariable.’t Since then a considerable number of phot 
graphs has been obtained, but although variations have been suspected 
it is found difficult to establish their reality. One thing seems quite 
certain, namely, that the lines are always ill defined. pt 

At the Royal Society Conversazione in 1894, enlarged copies @ 
photographs of the spectra of 2 Aquilie and 8 Arietis were exhibited 
which indicated that Pickering’s view that the haziness of the lines is 
due to rotation is probably correct. 

Dr. Scheiner’s experiment of photographing the solar spectrum out 

of focus has since been repeated ; but while it was found possible to - 
produce bands in this way, only a few of them agree with those in 
« Aquile. Among these coincident bands are 4031—4036 (Mn), 
4046 (Fe), 4064 (Fe), 4132-4135 (chiefly Fe), 4143-6—4144 (Fe), 
42269 (Ca), 4250°3—4251 (Fe), 4260°2—4260°6 (Fe), 4271°3—42719 
(Fe). 
On the other hand, by taking an out-of-focus enlargement of 4 
negative of the spectrum of f Arietis, the violet being put more out 
ef focus than the blue, the spectrum of a Aquilz is almost perfectly 
reproduced (see Plate). The difference in width of the bands appears 
to be sufficiently explained by the gradually increasing dispersion in 
prismatic spectra as the violet end is approached. With the instru- 
ment employed at Kensington a tenth-metre near A 4046 is repre- 
sented by a distance on the photographs about 1-4 times as-great as 
that corresponding to the same difference of wave-length near A 4384 ; 
and since the velocity which would produce a displacement of one- 
tenth metre at A 4384 would produce a displacement of 0°92 tenth- 
metre at A 4046, the displacements on the photographs for the same 
velocity, with the particular instrument employed, will be in the pro- 
portion of 1 to 1:29 at A 4384 and A 4046 respectively. 


Classification of the Star. 


This experiment appears to be a sufficient demonstration of the 
essential similarity of the spectra of a Aquile and B Arietis, so that 
the former conclusion that the two stars should be classed together is 
perfectly justified. 


* © Phil. Trans.,’ A, vol. 184 (1893), pp. 685-688. 
+ Ibid., p. 696. 
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According to the earlier work at Kensington, stars like £ Arietis 
re classed in Group Va,* that is, between stars like Sirius and those 
e Procyon. The work on enhanced lines which has been done since 
then enables us to carry on the work of classification with much 
sreater precision, since we have now a means of estimating relative 
temperatures with considerable accuracy. In this way we learn that 
stars at each stage of temperature fall into two groups, one of which 
Be ct a stars of increasing temperature, and the other including 
rs of decreasing temperature. « Aquile and f Arietis fall in the 
ter group, and are to be regarded therefore as stars in which photo- 
eres have formed. The later work on the classification of spectra 
e. shown that it is sufficient for all practical purposes to include both 
i@ the Sirian group of stars. 
=This question of classification is further elucidated by a more 
detailed examination of the spectrun of « Aquile in relation to « Cygni 
‘gud the Sirian stars. The foregoing demonstration of the likeness 
en a Aquile and P Arietis leads us to expect that the origins of 
e lines in the spectrum of a Aquile will be the same in the main as 
Box of 8 Arietis and Sirius. In these stars the temperature of the 
®sorbing vapours is intermediate between that of the arc and that at 
ich enhanced lines appear alone, so that the spectra show both arc 
fd enhanced lines. The origins of the chief enhanced lines in the 
ctrum of Sirius have already been investigated,t and practically 
e same lines occur in f Arietis. Besides these enhanced lines 
ere are several well-known arc lines, such as the iron triplets and 
ae blue line of calcium, which can be readily identified. The origins 
é some of the lines of both classes are shown in the plate which 
d&companies this paper, enhanced lines being shown at the bottom and 
rc lines at the top. 
= It will be seen that enhanced lines of iron appear in a Shanta but 
ee not the same relative intensity as in « Cygni; the most enhanced 
e of iron (A 4233-3), for example, which in a Cygni is represented 
_ very strong and well-defined line, is in « Aquile very weak and 
y- On the other hand, some of the enhanced lines of iron less 
frangible than Hy are fairly prominent. The principal enhanced 
Tines of magnesium, strontium, and titanium are also certainly present, as 
shown in the plate. The enhanced double line of silicium at AA 4128°1, 
4131-1, if present, is very weak, a moderately strong hazy line, rather 
less refrangible than the silicium double, making it rather difficult to 
determine whether the latter is certainly present. 
Among the arc lines present are those of the iron triplet in the 
violet (AA 4045-90, 4063-76, 4071-79), which are clearly seen, but the 
iron triplet in the blue (AA 4383°70—4415°27) cannot be identified 


* * Phil. Trans.,’ A, vol. 184 (1893), p. 726. 


t ‘ Roy. Soc. Proc.,’ vol. 65 (1899). Plate 7. 
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with certainty. The place occupied by the manganese guar 
(AA 4030-88—4035-88) is covered in the spectrum of the star by wh 
appears to be a broad hazy line, which is probably composed of , 
individual components of the quartet merged together. The are }j 
of calcium at A 4226°90 is one of the most prominent lines in ) 
spectrum. : 

The classification of the spectrum of a Aquile may therefore 
considered as settled; it does not sufficiently resemble 2 Cygni” 
justify Vogel’s view that it should be classed with that type of s 
while, on the other hand, apart from the haziness of the lines, it de 
bear a very strong resemblance to # Arietis and other Sirian sta 
and should therefore be classed with them. 


? 


[ Note, February 8.—In a later publication* Vogel places « Cygni . 
his Class Ia 2, with Sirius, 8 Arietis, &c., but this does not materiall 
modify the conclusions arrived at. | Pl 

There are other points on which this demonstration of the sim 
of « Aquilew and PB Arietis may be brought to bear, among them bein 
the determination of the lines most suitable for the measurement a 
the velocity of the star in the line of sight, and the approximate dete 
mination of the velocity of rotation necessary to produce the obse 
haziness of the lines. 


Lines suitable for the Determination of the Velocity of the Star in the ine 
of Sight. 


For the measurement of the velocity of « Aquilz, Deslandres has 
employed comparison spectra of hydrogen, iron, and calecium.t Vogel, 
however, questions the advantage of using the spectra of iron 
calcium as comparisons for this purpose, on the ground that “the line 
in the spectrum of « Aquilw are so diffuse . . . . that between Hy 
and Hs no lines except those of hydrogen and the magnesium line at 
\ 4481 can be identified with known lines.” He himself has used the 
H, line alone as a term of comparison, and concludes that there are no 
indications of a periodic change in the velocity of the star in the line 
of sight, such as was supposed by Deslandres. | 

We now know with certainty the origins of a considerable numbe 
of the lines in a Aquil, so that measurements of the velocity of the 
star are placed on a surer basis. Since the spectrum of a Aquile 18 
simpler than that of the sun, some of the broad lines do not represent 
confused groups of lines, but are broadened individual lines. The latter 
class of lines, when of known origin, seems to be well adapted for the 


- 


LIL 
7 


* ‘Pub. Ast. Obs. Potsdam,’ 1899, vol. 12, Part I, p. 49. 


+ ‘Comptes Rendus,’ vol. 121 (1895), p. 629. 
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wement of the velocity of the star, for though they may be still 
what wide, they are much less so than the lines of hydrogen. 
mg these broadened individual lines are :— 


m (enhanced lines).—4178°95, 4233-25, 4385°55, 4549°64. 
5, (are lines).—4045°90. 

‘itanium (enhanced lines).—4417°98, 4443°98. 
vontium.—4215°66. 


The enhanced line of magnesium at 4481°3 is usually sharply defined 
$tellar spectra, but the fact that it is generally fluffy in the compari- 
spark disqualifies it for accurate measurements. 



























The Velocity of Rotation. 


Assuming that 8 Arietis represents the spectrum of a Aquile as it 
jld appear if the axis were directed towards the earth, we can get 
sneral idea of the velocity of rotation necessary to produce the 
erved broadening of the lines. For this purpose lines which occur 
oups are obviously unsuitable, but we can utilise the lines to which 
ention has just been drawn. Taking the enhanced line of iron at 
d178 95, we find that its thickness is increaséd from about two to 
3 tenth-metres, and this corresponds to a surface velocity of the star 
: Bthe equator of about 45 miles per second, supposing that the axis is 
Spendicular to the line of sight. Similar measurements of the broad- 
Ring of the magnesium line 4481-3 yield a velocity of about 40 miles 
g? second, Since only a small portion of the surface of the star 
a d exhibit the effects of the maximum velocity, it is probable that 
@se values are too low, really representing the equatorial velocity of 
Station resolved along the line of sight with reference to a point some- 
Phere between the limb and centre of the star. 

ODr . Vogel gives reasons in his paper for supposing the velocity of 
MHtation to be possibly 27 kilometres (16°8 miles) per second, but this 
termination does not depend upon measurements of individual 


‘i= > = « 


t¥pU 


—_ 


General Conclusions. 


= The investigation of the Kensington photographs of the spectrum of 
: Aquile has thus led to the following conclusions :— 

(1) Apart from the general haziness of the lines, the spectrum pre- 
ents no unfamiliar features. 

(2) The spectrum is of the Sirian type, showing enhanced lines of 
ious metals, and a smaller number of arc lines, 

(3) A rapid rotation of the star, as first suggested by Pickering, 
4 pears to be a simple and sufficient explanation of the peculiarities of 
2 Spectrum. 
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DESCRIPTION OF PLATE. 


A. Solar spectrum, purposely out of focus. 
B. a Aquile. 

OC. 8 Arietis, purposely out of focus. 

D. 8 Arietis, in focus, 








The photographs of the spectrum of a Aquile which have been obtained at 
Kensington since 1890 were nearly all taken by Messrs. Fowler, Baxandall. 
Shackleton, and North. Mr. Baxandall has assisted in the determination 
origins. ; 

The photographic plate has been prepared from the original negatives by 
Sapper Wilkie, R.E. F 





“The Velocity of the Ions produced in Gases by Réntgen Rays.” 
By JOHN ZELENY, B.Sc., B.A., Assistant Professor of Physics, 
University of Minnesota. Communicated by Professor J. J. 
THomson, F.R.S. Received February 15,—Read March 15 
1900. | 


(Abstract.) 


The sum of the velocities with which the positive and the negative _ 
ions that are produced in gases by the Réntgen rays move when in ai 
unit electric field has already been determined by an indirect method 
by E. Rutherford.* In the experiments here described the velocity 
was determined in a number of gases for the positive and negative 
ions separately, by comparing the ionic velocity directly with that of 
a stream of gas. The stream of gas was made to flow between 7 





concentric cylinders, which were maintained at different potentials. 
By passing a narrow beam of Réntgen rays through the cylinders at 
right angles to their length, a narrow layer of ionised gas was pro- 
duced. Due to the electric field between the two cylinders, the ions 

of this layer tended to move radially towards, or away from, the “ 
of the cylinders, but at the same time they were carried along by the’ 
stream of gas. Of the ions of this layer which travelled inwards, 

those that started from the inner surface of the outer cylinder were 
carried a distance X by the gas stream before they reached the surface 
of the inner cylinder. 

This distance is dependent directly upon the mean velocity of the 
gas stream, and inversely upon the difference of potential between 
the two cylinders. For obtaining the difference of potential which 
must be used to allow the ions to be carried a certain distance along 
the tubes by the gas stream the inner cylinder was divided at some 
distance from the beam of rays into two parts, insulated from each 


* KE. Rutherford, ‘ Phil. Mag.,’ November, 1897. 
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“On a New Series of Lines in the Spectrum of Magnesium.” By 
A. Fow.er, A.R.C.Se., F.R.AS.,- Assistant Professor of 
Physics, Royal College of Science, South Kensington. Com- 
municated by H. L. CALLENDAR, F.R.S. Received March 9,— 
Read March 26, 1903. 


Although the spectrum of magnesium has been the subject of many 
investigations, certain lines which occur in the are spectrum appear to 
have hitherto escaped notice. The lines in question are comparatively 
feeble, but on account of their theoretical interest it seems desirable 
to draw attention to them. 

The new lines make their appearance in the spectrum when the arc 
is made to pass between poles consisting of magnesium rods, but 
they do not always appear with equal intensity. They are somewhat 
nebulous, especially on their less refrangible sides, so that their 
positions cannot be determined with great accuracy ; but as nearly as 
they can be ascertained with the instruments at my disposal, the 
wave-lengths are (in air), 4511°4, 4251-0, 4106°8, and 4018°3. 

A mere inspection of the photographs suggests that these lines 
constitute a regular series, associated with the much stronger series 
described by Rydberg*, having wave-lengths 5528-75, 4703°33, 
4352°18, 4167°81, 4058°45, and 3987-08, according to the measures 
of Kayser and Runge. This view seems to be sufficiently confirmed 
by calculation. 

Rydberg found that neither his own general formula nor that of 
Kayser and Runge could be applied with sufficient accuracy to the 
stronger series, and employed a combination of the two formule, 
namely, 


h ( 
N = &+-——54+>—_,, 
(in + p)? « (in + p)*? 
where 7 is the oscillation frequency, m has the values 3, 4, 5, &c., 
and a, b, c, and » are constants to be determined from four lines 
belonging to the series. For the magnesium series, the equation 
calculated by Rydberg is 
111,856°92 fi 147,764°05 
(m+ 0-406)? (m+0°406)*’ 
n being the oscillation frequency in wir, and m having the values 
3, 4, 5, 6, 7, 8 for the six lines named above. 
Using the same formula for the new series,and calculating the con- 
stants from the four lines, the equation for frequencies in vacuo is 


102,496°6  168,840°5 
(m +0618)? © (m+0°618)* 
* « Ofversigt af Kong. Vet. Akad. Forhandl.,’ 1893, Stockholn, 


n = 26,631°44 — 
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Another formula* which may be conveniently employed is 
. - - C $= 

(in + p)? = ity 

‘This formula gives for the two magnesium series the equations : 


N= Ny — 


£3 a its 107,071°37- 
‘“ Rydbere , aD yO» SPRUE LE sete tcl ao yo Ra ieee 
\ydberg ” series, 7 6,601°49 (i + 12304)? 4 213982’ 
100,033°6 


New series, n = 26,587°4 — (in + 0°495)2-+ 2°38919’ 
n being the oscillation frequency in vacuo in each case. 

It will be seen that the convergence frequency of the new series is 
as nearly equal to that of the Rydberg series as can be expected with 
the comparatively rough wave-lengths employed, and it may be added 
that in each case the constant 79 is of unusual magnitude. These 
facts, in conjunction with the general characters and relative intensities 
of the lines, render it highly probable that the new series is associated 
with the Rydberg series as second and first subordinate series 
respectively. 

Applying the formula to the calculation of the members of the new 
series for which m=3 and m=2, the corresponding wave-lengths in 
air are 5065°0 and 6674:5. The first is probably represented by 
a line having an approximate wave-length 5067, which is not so readily 
observed in the photographs as the others, because the plates employed 
are comparatively slow for this part of the spectrum, and if the expo- 
sure be lengthened, the banded spectrum of magnesium becomes strong 
enough to almost mask the line. The line 6674°5 is perhaps too far 
in the red to be conveniently observed, seeing that it is probably 
feeble and not well defined. 

It may be reasonably concluded that the are spectrum of magnesium 
includes two subordinate series of single lines in addition to the 
two well-known subordinate series of triplets. No such combination 
of series appears to have been previously noted in the spectrum of a 
metal, but two sets of series, each set consisting of a principal and two 
subordinate series, are well-known in the spectra of helium and oxygen. 

The author desires to express his obligations to Mr. Herbert Shaw 
for valuable assistance in making the computations involved in 
investigating the various formule which have been suggested for 
series, as applied to the series which forms the subject of the present 


paper. 
Pra ee mae? a eee es EE Es 
* After much labour, this formula was arrived at by Mr. Herbert Shaw and 
the author as the one giving the most consistent results for series in general, but it 
was afterwards found that a similar formula, expressed in wave-lengths, had 
already been employed by Mr. Rummel (‘ Roy. See. Victoria Proe.,’ vol. 10, Part I, 
1897, p. 75). 
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“The Spectra of Metallic Arcs in an Exhausted Globe.” By 
A. Fowter, A.R.C.Sc., F.R.A.S., and Howarp Payn, F.R.AS. 
Communicated by Sir Norman Lockyer, K.C.B., LL.D., 
F.R.S. Received June 10.—Read June 18, 1908, 


(Prate 14.) 


Working on the supposition that the bands which occur in the are 
spectrum of magnesium are due to possible combinations of the metal 
with gases in the outer part of the arc, we have recently attempted to 
obtain the line spectrum free from bands by photographing the spectrum 
when the are is passed in an exhausted globe. It is found, however, 
that while the band beginning at 4.5007°5 is sometimes greatly reduced 
in intensity under these conditions, the bands attributed to “‘ magnesium 
hydride” by Messrs. Liveing and Dewar* are very strongly developed. 

Besides this, the characteristic spark, or “ enhanced ” line at A 4481-3, 
which is almost invisible in the ordinary are in air, is one of the strongest 
lines in the spectrum. Special interest attaches to this line on account 
of its application to the determination of relative stellar temperatures, 
based on the variations in the spectrum of magnesium under different 
conditions, which were first systematically investigated in relation to 
temperature by Sir Norman Lockyer in 1879.T 

The occurrence of the line 4481 in the are spectrum under special 
conditions was first recorded by Liveing and Dewar in 1888f{, and has 
since been investigated by other observers. Crew§ found that the line 
appeared in the spectrum of magnesium when the arc was surrounded 
by an atmosphere of hydrogen, and a little later Porter|| found among 
other results, that a similar effect was produced by oxygen. Experi- 
ments by Sir Norman Lockyer and the writers have confirmed these 
observations. 

More recently, Hartmann and Eberhard | have observed that enhanced 
lines appear in the are spectra of magnesium, zinc, and cadmium when 
the are is made to pass in water. The spectra obtained in this 
manner are stated to be almost identical with those obtained when 
the are is passed in a current of hydrogren, and the opinion is ex- 
pressed that the change is produced by hydrogen released by elec- 
trolysis around the electrodes in water. Hartmann has since found 


_* © Roy. Soc, Proc.,’ vol. 32, p. 196. 

t ‘Roy. Soc. Proc.,’ vol. 30, p. 29; also ‘Chemistry of the Sun,’ p. 242; and 
‘Inorganic Evolution,’ p. 75. 

t ‘ Roy. Soc. Proc.,’ vol. 44, p, 241. 

§ ‘ Astrophys. Journ.,’ vol. 12, p. 167, 1900. 

|| ‘ Astrophys. Journ.,’ vol. 15, p. 281, 1902. 

{| ‘Sitz. der Prouss. Akad. der Wiss.,’ 1903, IV, p. 40; ‘ Astrophys. Journ.,’ 
vol. 17, p. 229. 
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that the magnesium line 4481] becomes stronger in the spectrum of 
the metallic arc in air as the current strength is lessened.* 

The occurrence of enhanced lines in the spectrum of the are at 
reduced pressure, however, does not appear to have been previously 
recorded, and it may, therefore, be useful to state briefly the results . 
which have been obtained. 


Method of Experiment, 


The experiments were conveniently made by enclosing the are in 
a glass globe of about a litre capacity having two necks and an out- 
let by which connection was made with a Téppler pump. Short 
rods of the metal to be experimented upon were attached to brass 
rods passed through the two necks and made air-tight with a packing 
of rubber tube and Chatterton’s compound. 

The pole pieces were put nearly in contact, so that a slight pressure 
on one of them sufficed to strike the are. With this arrangement 
the arc can only be observed for a comparatively short time owing 
to the burning away of the poles, and the experiment is also inter- 
rupted by the formation of a deposit on the interior of the globe. 
Still it is usually possible to take two or three photographs in each 
setting up of the apparatus. Ordinary commercial metals cast into 
rods a quarter of an inch in diameter were used. 


[Note added July 16.—In each case the exhaustion was carried as far 
as the nature of the apparatus would permit. The pressure on starting 
the are was from | to 2 mm. 

The current was obtained from a 100-volt circuit, and in a repeti- 
tion of the experiment with magnesium poles, measurements have 
shown that the current strength usually employed was 7 ampéres for 
the arc in air and 8 for the are under reduced pressure. | 


Magnesium. 


The well-known triplets beginning at 5183°84 (4,) and 3838-44 are 
apparently little affected when the globe is exhausted, but the lines 
552875, 4703°33, 4352:18, 4167°81, 4058-45, and 3987-08, which 
form a regular series, are usually sharper than in the ordinary are, 
and in some photographs four additional members of the series are 
seen (approximate wave-lengths 3938, 3904, 3879, 3860). 

The band 5007°5, as already remarked, is generally reduced in 
intensity, while the “ hydride” bands, beginning at 5618, 5210, 4849, 


* ‘Sitz. der Preuss. Akad. der Wiss.,’ 1903, XII, p. 234; ‘ Astrophysical 
Journ.,’ vol. 17, p. 270. 
+ Rydberg, ‘ Ofversigt af Kong]. Vet. Akad. Forhandl.,’ 1893, Stockholm. 
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appear with great intensity. Flutings of nitrogen also appear in some 
of the photographs. 

The enhanced line 4481°3 is of about the same intensity as }), and 
stronger than the lines 4703 and 4352. It is also notably sharp as 
compared with its usually hazy appearance in the spark spectrum of 
the metal. 

Two conspicuous pairs of sharply defined lines which appear at 
approximate wave-lengths 4385, 4391 and 4428, 4434 cannot be traced 
to any known impurities, and a comparison with the spark spectrum 
leaves no doubt that they are true enhanced lines of magnesium. 
They are very ill-defined in the ordinary spark, but are distinctly 
visible as double lines in a photograph of the spark spectrum when a 
small amount of self-induction is introduced into the secondary circuit, 
though disappearing when the self-induction is increased. The line at 
4391 is apparently identical with the enhanced line recorded by 
Sir Norman Lockyer* at 4395. Porter? has observed lines at approxi- 
mate wave-lengths 4390, 4430 and 4434 in the spectrum of the 
magnesium are in an atmosphere of ammonia or oxygen which prob- 
ably correspond with three of the above four lines, but states that he 
has not succeeded in identifying them. 

Another spark line of small intensity recorded by Thalén and others 
at A 4587 does not appear in the photographs of the spectrum of the 
are in the exhausted globe, but Porter finds it among the lines of the 
magnesium arc in ammonia. 

It is important to note also that in some of the photographs there 
is a distinct line coincident with the F (Hg) line of hydrogen. 


[Note added July 16.—The identification of this line has been con- 


firmed by visual observations showing the presence of both Hg and 
Ha. | 


Another point of importance, in considerations as to temperature 
conditions, is that the flutings and enhanced lines appear to originate 
in different parts of the arc. 


Zine. 


The strong triplet of lines at AA 4810°71, 4722-26, 4680°38, and the 
adjacent line 4630-06, appear as strong lines, but are generally sharper 
than the corresponding lines in the spectrum of the are in air at 
atmospheric pressure. Most of the other lines in the region D to K 
disappear altogether or are greatly reduced in intensity. 

The well-known spark lines 4912-2, 4924-8 (Thalén’s wave-lengths 
corrected to Rowland’s scale) make their appearance with considerable 


* Roy. Soc. Proc.,’ vol. 61, p. 163. 
+ ‘ Astrophys. Journ.,” vol. 15, p. 277. 
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intensity, though they are less striking than the principal enhanced 
lines which appear in the case of magnesium (Plate 14), 

Strong flutings also appear, the principal one commencing with a 
sharp head near A 4300 and grading off towards the violet. These 
are identical with flutings which appear in the spectrum of the arc 
when zinc poles are surrounded by an atmosphere of hydrogen, 
and may therefore be provisionally attributed to “zine hydride.” 
These flutings have also been observed in the zine are in hydrogen 
by Basquin,* who also ‘in lieu of a better hypothesis” attributes them 
to a compound of hydrogen with the metal. 

In one experiment the stronger flutings of nitrogen appeared in the 
spectrum, but they were apparently restricted to the region surrounding 
one of the poles. The F line of hydrogen also appears in some of the 
photographs. 

As in the case of magnesium, there is evidence that the flutings and 
enhanced lines do not originate in the same part of the are. 


256 Messrs. A. Fowler and H, Payn. 


Cadmium. 


The phenomena are generally similar to those observed in the case 
of zinc, but some of the features are less marked. The strong triplet 
AA 5086°06, 4800-09, 4678°37 and the adjacent line 4662-69 are of 
reduced intensity, but more sharply defined than in the ordinary 
arc, While most of the other are lines in the region D to K disap- 
pear. The spark lines 5379°3, 5338°6 are certainly present but not 
conspicuous. 

Strong flutings, fading towards the violet, are seen, the principal 
heads having approximate wave-lengths, 4491 and 4298. Here, 
again, the flutings are identical with those which appear when the 
cadmium are is surrounded by hydrogen, and may therefore be pro- 
visionally regarded as originating in “ cadmium hydride.” 

The F line of hydrogen, if present, is too feeble to be shown in the 
photographs. 


I, ron, 


It is only after careful examination that the spectrum of an iron 
ar¢ in an exhausted globe is seen to be materially different from that 
of the arc in air at atmospheric pressure. Nevertheless, there is no 
doubt as to the appearance of the principal enhanced lines, among 
them being 5018°13 and 4584-02. 

The F line of hydrogen is not certainly present, but it could not be 
distinguished from the neighbouring iron line with the dispersion 
employed unless comparatively strong. 


* « Astrophys. Journ.,’ vol. 14, p. 10, 1901. 





1 
) Fowler and Payn. Roy. Soc. Proc., vol. 72, Plate 14. 
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General Conclusion. 


So far as they go, the experiments seem to suggest that the modifi- 
cations of the arc spectra in an exhausted globe may be due to the 
presence of hydrogen liberated from the heated poles. It has already 
been pointed out that one of the effects of a hydrogen atmosphere on a 
metallic are is to introduce enhanced lines into the spectrum, and the 
presence of hydrogen under the new conditions of experiment is 
indicated in the case of magnesium and zinc by the appearance of the 
Hg line, and in magnesium, zinc, and cadmium by flutings which are 
known to appear in the presence of hydrogen. 

It is well known that hydrogen is occluded by many metals, and 
experiments made to determine the relative amounts of the gas given 
off on heating in vacuo show that the amounts are roughly proportional 
to the relative strengths of the enhanced lines appearing when the are 
passes in the exhausted globe; that is, magnesium and zinc gave off 
the greatest quantities of the gas, cadmium the least, and iron an 
intermediate amount. The apparent absence of the F line in the 
spectra of cadmium and iron in the exhausted globe may, therefore, be 
due to its feeble intensity on account of the smaller quantity of gas 
driven out, while the absence of ‘‘ hydride” bands in the case of iron 
may perhaps be explained by supposing that combination of hydrogen 
with iron does not readily take place. 

The exact nature of the action of hydrogen on the are requires 
further investigation. 

The experiments described in the-foregoing paper have been made 
in Sir Norman Lockyer’s laboratory, to whom we desire to express our 
thanks for the privileges afforded. We also wish to express our thanks 
to Mr, F. W. Jordan for assistance in carrying out the experiments. 
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As the results of these experiments seem to justify very completely 

e use of Callendar’s parabolic formula over a wide range, a table has 

een calculated by which the value of T may be obtained directly 

rom the value of Pé for a range of temperature extending from 

 ~200 to +1100° C., and for the value 1°5 of the constant 6. 

A second short table extends this to all values of 5 usually met with. 

Tt is hoped that this table may be of general use to others who are 

e mploying platinum thermometers. 

_, The experiments were carried out at the National Physical Laboratory, . 
Nand, in conclusion, I wish to thank those members of the staff who have 





>The Spectra of Antarian Stars in Relation to the Fluted 
® Spectrum of Titanium.” By A. Fow ter, A.R.CS., F.R.AS., 
Assistant Professor of Physics at the Royal College of 
Science, South Kensington. Communicated by Professor 
H. L. Catenpar, F.RS. Received February 18,—Read 


March 3, 1904. 
[Prate 6.] 


2 The distinguishing feature of the spectra of the Antarian Stars* is 
J the system of apparently dark flutings, sharp towards the violet and 
ading off towards the red end of the spectrum. The principal flutings 
we well seen in Antares, but they are more strongly developed in 
=the spectra of « Herculis and o Ceti, in which stars additional details 
are also scen. These flutings have not hitherto received a definite 
=chemical interpretation, and it has been uncertain, owing to the 
= possibly misleading effects of contrast, whether the spectrum was to 
ibe regarded as one consisting wholly of absorption flutings fading 
"S towards the red, or as one partly consisting of emission flutings fading 
= in the opposite direction. 
= ‘The purpose of the present communication is to state the nature of 
= the evidence which indicates that the spectrum is essentially an 


_ 


= absorption spectrum, and that the chief substance concerned in the 


, production of the flutings is titanium, or possibly a compound of that 
clement with oxygen. 

The first indication of this result was the striking general resem- 
Pdlance of the titanium flutings, as seen in photographs recently 


“ 


“apparent with the stellar flutings, both as to relative intensity and 





_ Apparent position (Plate 6). The interspaces between the flutings, 
i they appear on a negative, in some cases also strongly recall the 
_ Corresponding bright spaces in the stellar spectra. 


a * Secchi’s Type 111; Vogel’s Class IIa. 
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difficult, and, in the case of photographs taken with prismatic cameras, _ 
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The most extensive series of visual observations of the Antariay 
stars were made by Vogel* and Dunér} many years ago, and for th 
part of the spectrum extending from near D to the extreme red, n 
other measurements have yet been published. For the region mo i ? 
refrangible than D, however, wave-lengths derived from photographs 
are available, the most complete statements of these being due “4 ; 
Father Sidgreaves{ and Mr. Stebbings.§ The individual results given 
by different observers vary considerably: visual observations a : 


errors doubtless arise through the lack of suitable reference lines, a 
There is also some difficulty in deciding where a fluting actually 4 
commences. The evidence in favour of a titanium origin for most a 
the flutings, however, depends on such a large number of coincidences 

that it is almost independent of a very precise knowledge of wave: 
lengths. ‘ 

The flutings in question come out in the are spectrum of titanium 
oxide, if the precaution be taken to provide a liberal supply of — 
material and to use a very long. arc, taking care also that the 7 ¢ 
of the “flame” is projected on the slit of the spectroscope. They are 
also seen in the are spectrum of the chloride under similar conditional a 
Numerous lines accompany the flutings produced in this manner and — 
some of the details are consequently masked or not recognized without — 
careful study of the photographs. 

So far the flutings have not been very successfully produced in the — 
oxyhydrogen flame; they are visible in the flame spectrum of the ‘ 
fumes from the abierida, but their observation is difficult on account — 
of the bright continuous spectrum. i 

The best representation of the flutings has been obtained by passing — 
a spark, without jar, through the fumes of oxychloride which rise from — 
the chloride of titanium on exposure to air. Under these circumstances — 
the lines which appear are not numerous, and some of the secondary — 
flutings which are masked by lines in the spectrum of the flame of the — 
arc are readily detected, in spite of the continuous spectrum which — 
is also present. The few lines which do appear in this spectrum are : 
probably low temperature lines which may be found of special import- — 
ance in the cooler stars. 

Photographs have been taken over the region C to K, the instrument 
employed being one built up on the Littrow principle, having one — 
prism of 60°,|| and a 2-inch objective of 40 inches focal length, giving — 
a linear dispersion from D to K of 5 inches. Wave-lengths were 1 


= 
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* ‘Beobachtungen zu Bothkamp,’ vol. 1, p. 20, etc. ; 

+ ‘Sur les Etoiles & Spectres de la Troisisme Classe’; “ K. Sven. Vet.-Akad. — 
Hand.,” vol. 21, No. 2, 1884. “a 

t ‘Monthly Notices, R.A.S.,’ vol. 58, p. 344; vol. 59, p. 509. 

§ ‘Lick Observatory Circular,’ No. 41, May, 1903. 

|| Lent by the Government Grant Committee. 
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te nined in the usual manner by micrometric measurements of the 
“phe tographs, using reference lines of titanium and iron, and calculating 
py the Cornu-Hartmann formula; though only provisional, they are 
; probably not greatly in error. 

It is instructive first to make a comparison between the more con- 
spicuous flutings and those recorded visually in the stars by Vogel 
and Dunér. Details of the measurements are given in Table I, but 
‘reference should also be made to Plate 6, in which Dunér’s drawing 
‘m@f the spectrum of « Herculis, as seen with a spectroscope of small 
Qispersion, is compared with a negative of the titanium flutings, as 


BS . * om 
"ghey appear in the “are ” spectrum of titanium oxide. 


‘@able I.—Comparison of Titanium Flutings with Visual Observations 
= of the Spectra of Antarian Stars. 








Oo 

taiiune Anthnges Antarian pees ~ refrangible 
™ #Wave-length Visual Wave-length.* Dunér’s number 
7 : intensity. ae: 
s Es ace Cane ICES SON Os 
C ‘ | 
€ 7055 10 ” Out of range. 
g s aa 6493 1 
am 6162°5 10 | 6164. 2 
- 2 * | 5862 3 | 
x 5604°5 8 | 5596 | 4 | 
= 5447-0 10 | 5453 | 5 | 
g 5241°0 5 | 5243 | 6 
. 5167°5 10 5169 ri 
- 4955°1 8 4960 8 | 
€ 4761°6 7 | 4769 9 | 
¢ 45843 5 | 4608 10 | 
x) 


ase) 

= It will be seen be seen that eight of the ten bands recorded by 
= ogel and Dunér agree within the possible limits of error with the 
AAutings of titanium, and it is to be noted also that the only one of the 
principal titanium flutings which is not represented in the stellar 
Spectrum is out of range in the extreme red. The origin of the two 
outstanding bands at 5862 and 6493 has not yet been ascertained. 
There are traces of titanium flutings near their positions, but they 
Seem inadequate to account for two such distinct bands as those drawn 












* The wave-lengths given are the means of Vogel’s and Dunér’s measurements, 
2 corrected to Rowland’s scale (Scheiner’s ‘ Astronomical Spectroscopy,’ p. 301). 
_ For bands 5, 7, 8, 9, 10, the means of the wave-lengths derived from photographs 


_by Lockyer, Pickering, Sidgreaves and Stebbings are respectively 5448, 5165, 4954 
4761, and 4584 (see Table IT). 
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by Dunér. The association of vanadium with titanium in the sy E 


but this does not appear to be the case. The strongest fluting | ‘ 
vanadium is near 5472, and there is no certain evidence to show the 
presence of this fluting in the Antarian type of spectrum. 
The evidence for titanium in the case of the remaining flut 
however, is enormously strengthened by a discussion of their ruc | 
and by extending the comparison further into the violet. Photographs 
of the stellar spectra, especially those of o Ceti and « Herculis, show | 
that some of the principal flutings are composite, Dunér’s band 10, for 
example, containing, according to Sidgreaves, four distinct fluti 
separated by intervals of about 44 tenth-metres, each of which in| 
weaker than the one which precedes it on the more refrangible side. | 
A precisely similar structure is found in the case of the titanium 
flutings, and a comparison of wave-lengths indicates that the various 
components occupy the same positions as those in the stars, so far as 
the available measurements permit the test to be applied. For this 
comparison (‘Table IT) the wave-lengths derived from photographs by 1 
Father Sidgreaves and Mr. Stebbings are utilised. The relation may — 
also be gathered by inspection of the reproductions of the photographs 
given in Plate 6, that of o Ceti having been very kindly placed at my 
disposal by Father Sidgreaves. Not all the details of the negatives, 
however, can be brought out in the reproductions, and the relative | | 
dispersions are not exactly the same. 
It will be seen from the table that the details of the titanium futingl , 
are reproduced with remarkable fidelity in the stellar spectra, and more 
especially in o Ceti. In the latter spectrum the number of flutings 
recorded is slightly greater than in the case of titanium, but it is by no~ 
means certain that every detail of the titanium spectrum has yet been 
photographed. It is possible also that some of the features described 
as flutings in the stellar spectrum may be groups of lines, and 
in at least one instance (4437) a fluting has been classed as a “wide 
line.” | 
The points of difference are very slight, and are mostly in the less re- : 
frangible part of the spectrum, where the reductions of the stellar spectra — : 
present the greatest difficulty. There is a peculiar displacement of the — 
fluting 4848 to 4842 in the spectrum of o Ceti, which may possibly 4 
be due to the superposition of a fluting or group of lines of undeter — 
mined origin; or, it may be that the feeble maximum observed at — 
4842 in titanium is strong enough in this spectrum to account for the 
apparent shift. There is also some uncertainty in connection with the ~ 9 
complicated groups of flutings and lines extending from 5598 to D, 
which need further investigation in the stellar spectra with instrumental 
of greater dispersion. : 
The general agreement is nevertheless such as to leave no reason- — 






A. Fowler. Roy. Soc. Proc., vol. 73, Plate 6. 
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doubt that titanium is the main factor in the production of the 
-flutings which characterise the Antarian group of stars. 

| [his explanation of the dark flutings suggests that the appearance 
fb ight flutings in the Antarian spectrum arises chiefly from effects 
‘4 contrast. It does not, of course, exclude the possibility. of the 
‘‘pesence of bright flutings, such as might be indicated by local 
rightenings which are not exactly in coincidence with the edges of 
ark flutings. 

Whether the absorption fiutings are produced by the vapour of 
Sanium or by that of the oxide has not yet been completely 
de srmined. As already pointed out, the flutings may be obtained 
‘ther from the oxide or the chloride, but as the latter so readily 
ites with oxygen on exposure to alr, it furnishes no evidence against 
We supposition that the flutings are due to the oxide. 

©The author has pleasure in acknowledging the very able assistance 
Phich has been rendered in the experimental work involved in this 
Ty estigation by Mr. F. W. Jordan, B.Se., Teacher in Training in the 
Bepartment of Astronomical Physics, Royal College of Science. 


DESCRIPTION OF PLATE 6. 


® Visible spectrum of a Herculis, as drawn by Dunér. 

 Flutings of titanium, as they appear in the spectrum of the “ flame of the arc,” 
A” when charged with titanium oxide. 

© Photographic spectrum of o Ceti, from a photograph taken at the Stonyhurst 
5 College Observatory, November 29, 1897. 

& Flutings of titanium, as they appear when a spark, without jar, is passed through 
the fumes which rise from titanium chloride on exposure to air. 
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(Note.—The coincidences cannot be very exactly shown in this manner, on 
account of the differences of dispersion of the three instruments with which 
the spectra were recorded.) 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


ae athe 


III. Zhe Spectrum of Scandium, and its Relation to Solar Spectra. 


By A. Fowirr, A.R.CS., F.R.AS., Assistant Professor of Physics, Imperial College 
of Science and Technology, South Kensington. 


Communicated by Sir Wiiu1AM Crooxss, D.Sc., FURS. 
Received June 23,—Read June 25, 1908. 


INTRODUCTORY. 


THE present investigation of the spectrum of scandium was undertaken in connection 
P g 

with the work on the spectra of sunspots and solar prominences with which I have 
been occupied during the past few years. The presence of scandium in spots and 

s y P p 
prominences was already well known, but all the desired information with respect to 
the positions and characteristics of the various lines could not be gathered from 
S 


published tables, 


THALEN’S observations of the spark spectrum* extend from 4247 to 6305, but 
though his intensities give a useful term of comparison in some cases, the wave- 
lengths lack the precision necessary for use with modern solar tables, and a consider- 
able part of the red is omitted. A few of the Fraunhofer lines were identified with 
scandium by Row1anp,t but, probably for want of suitable material for the 
production of the scandium spectrum, the comparison was far from complete. More 
extensive observations of the arc and spark spectra have been made by EXNER and 
HascHexk,{ but, as they extend no further into the visible spectrum than 4744, they 
scarcely enter the region in which the spectra of spots and prominences are best 
known. The are spectrum has been further studied by Lockyer and BAxANDALL,§ 
but here again the region from 5718 to the red end was not included, and but little 
attempt was made to classify the lines. 

Attention was specially drawn to the need for the re-determination of some of 
THALEN’s wave-lengths in the course of a discussion of some observations of the 
spectra of sunspots in the region C to D,|| when it was suggested that two very 


* «Watt's Index of Spectra,’ p. 125. 
+ ‘Preliminary Table of Solar Spectrum Wave-lengths,’ Chicago, 1896. 
{ ‘ Wellenlingen-Tabellen’ (Leipzig und Wien, 1904). 
§ ‘Roy. Soe. Proc.,’ vol. 74, p. 5388 (1905). 
|| ‘ Monthly Notices, R.A.5.,’ vol. 65, p. 211 (1905). 
(443.) 5.11.08 
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prominent spot lines recorded at 6210°90 and 6306°02 might be due to scandium. 
THALEN’S wave-lengths for strong scandium lines near these positions were 6210°0 
and 6304°0—or 6211°0 and 6305°1 when corrected to RowLanp’s scale—and the 
identifications seemed probable in consequence of the undoubted presence in spots of 
the scandium line 5672°05. The wave-length 6306°02 was adopted by Father Cortrr 
and myself because the spot line could not be distinguished from the tellurie oxygen 
line in that position with the instruments employed, but with greater dispersion 
MircHELL* and NEwALLy subsequently identified the spot line with Row1Lanp’s solar 
line 6805°88. Observations for checking these identifications were long delayed on 
account of the difficulty of obtaining a specimen of scandium with which to produce 
the spectrum, but a few months ago, after an examination of several minerals reputed 
to contain rare earths, a strong scandium spectrum was obtained from a piece of South 
African euxenite. The spectrum obtained in this way was admixed with lines and 
bands of calcium, yttrium, and other substances, but it was quite adequate for the 
re-determination of wave-lengths, assuming the lines to have been correctly attributed 
to scandium by THALEN. Measurements of photographs of the are spectrum of the 
mineral removed all doubt as to the precise correspondence of the spot lines 621090 
and 6305°88 with strong lines of scandium first tabulated by THALEN. 

The scandium lines came out so clearly in the spectra of some of the fragments of 
euxenite that [ was induced to carry the inquiry a stage further, in view of the 
peculiar selection of lines for representation in the solar spectrum and in sunspots: 
As I have previously remarked :{ ‘ The scandium lines which appear in the spots are 
among the strongest in the are spectrum, while the possible coincidences with the 
fainter lines are so few as to be probably accidental. At the same time there are 
some strong are lines which are not intensified in the spots ; it is a noticeable fact 
that these are more intense in the solar spectrum than those which appear in the 
spots, and the probability is that all of them, like 5527°03, are related to the enhanced- 
line class.” ‘There is a similar selection of lines in the chromospheric spectrum, as also 
remarked by LockyER and BAxANDALL, but the lines are different from those which 
appear in spots. 

Similar differences of behaviour have been noted in the case of other elements, but 
scandium appeared to be rather an extreme example, and further study of the varying 
intensities of its lines promised to be of value, not only in identifying particular lines 
with scandium, but in helping to establish the principles to be followed in assigning 
solar lines of different classes to metallic origins. 

On comparing the euxenite spectrum with the scandium are recorded by LockYyER 
and BAXANDALL it was at once evident that the intensities assigned in the two cases 
were often widely different. For example, the two lmes 5527 and 5672 are given as 


* © Astrophys. Jour.,’ vol. 22, p. 27 (1905). 


+ ‘Monthly Notices, R.A.S.,’ vol. 67, p. 167 (1906). 
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10 and 9 respectively in the scandium arc, while in the euxenite arc the former was 
less than half the intensity of the latter. Such differences as this are no doubt to be 
accounted for by differences in the conditions of experiment. Lockyer and 
BAXANDALL worked with scandium oxalate, and probably obtained what may be 
properly considered the are spectrum of the element. In euxenite, on the other hand, 
the presence of calcium and other substances tended to produce the condition of a 
“flaming are,” and the scandium lines doubtless appeared with intensities approxi- 
mating to those proper to the spectrum. That is, in 
euxenite the presumably “enhanced lines”* were notably weakened as compared 
with their intensities in the true arc spectrum. Further evidence that these 
weakened lines were enhanced lines was given in some cases by comparison with the 
spark intensities of THALEN. 

Although a comparison of intensities estimated by different observers is often apt 


ce ; 


are-flame” or “ flame’ 


to be misleading, the “inversions” in the case of several scandium lines were 
sufficiently pronounced to support the previous deduction, from the behaviour of other 
elements, that flame lines were strengthened and enhanced lines weakened in spots, 
while the enhanced lies might appear alone in the upper chromosphere. 

At this stage of the investigation I was fortunate enough to receive the valuable 
assistance of Sir WILLIAM Crookes. In reply to an inquiry about two years ago 
Sir WILLIAM CROOKES informed me that scandium was extremely scarce, and that, 
although he had been carefully collecting residues for some time, he had not then 
obtained sufficient for a satisfactory examination of the spectrum. By the end of last 
year, however, when I acquainted him with the results obtained from euxenite, he not 
only informed me that he had succeeded in collecting and purifying a considerable 
amount of scandia (Se,0;), but very generously placed half a gramme of the substance 
at my disposal. It thus became possible to make a much more complete catalogue of 
scandium lines, and a more satisfactory investigation of the behaviour of the lines 
under varying experimental conditions. As Sir WILLIAM Crookes was _ himself 
occupied with the spark spectrum, the electric arc was exclusively employed in my 
own work, but the conditions were varied so as to give in some cases an approach to 
the spark spectrum, and in others to the flame spectrum. 


The Spectrograph Employed. 


The photographs were taken with a spectrograph of Littrow form, having a lens of 
12 feet focal length, and one prism of 60° for which pp is 1°6467. The plates are 
12 inches in length, and show satisfactory definition throughout, the region covered 
being 3930 to 4670, or 4670 to 6600, according to the position of the mirror which 


* “Enhanced lines” are lines which are relatively strengthened in passing from the are to the spark 
(LOCKYER). ‘ 
VOL. CCIX.—A. H 
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returns the light through the prism. At 6600 the linear dispersion is 12°7 tenth- 
metres to the millimetre, while at 3930 it increases to 1°8 tenth-metres per millimetre. 

The determination of wave-lengths was made in the usual manner with the aid of 
the Cornu-Hartmann interpolation formula for prismatic spectra, a separate equation 
being computed for each region of 100 to 200 tenth-metres. Lines in a comparison 
spectrum of iron, slightly overlapping that of scandium, were used as standards, 
Rowtanp’s solar wave-lengths for corresponding lines being adopted. Numerous 
iron lines were included in the measures, and small corrections, depending upon the 
degree of agreement between the computed and observed values of these extra lines, 
were applied to the resulting wave-lengths for scandium. 

On comparison with Lockyer and BAXANDALL’s wave-lengths, it was found that 
there were small systematic differences in some parts of the spectrum which persisted 
after repeated measurements of different plates. It was accordingly thought desirable 
to take another photograph in which iron was mixed with scandia, so that there 
should be no possibility of a relative displacement of the comparison lines. The 
previously deduced wave-lengths were fully confirmed by this procedure. 

For all but the weakest lines it is hoped that in the part of the spectrum more 
refrangible than D the wave-lengths are correct to within two or three hundredths of 
a tenth-metre, while on the red side of D, in consequence of the smaller dispersion, 


. the errors may be somewhat greater. 


The Are Spectrum. 


The are spectrum was produced in the ordinary manner by introducing a small 
quantity of scandia between carbon poles, the current being obtained from the 
110-volt lighting circuit. The P.D. between the poles was about 40 volts, and the 
current 8 amperes. The scandia did not volatilise very readily, and with the small 
amount of material that one felt justified in using, carbon flutings were also present 
in the spectrum and tended to conceal some of the fainter metallic lines. Better 
results were obtained by mixing a little silicate of soda or silicate of potash with the 
scandia, the carbon flutings being then practically elimiated, and a good spectrum 
secured with a very small amount of scandia, The few impurity lines introduced in 
this way were readily recognised, and were less objectionable than the multitude of 
lines composing the carbon flutings. ‘To avoid unnecessary waste of so rare a 
substance, the arc was usually enclosed in a glass globe, so that the residues might be 
collected and the scandia subsequently separated by chemical treatment. 

A list of the are lines between K and C is given in Table L, at the end of this 
paper. The intensities are on a scale such that 10 corresponds to the brightest lines, 
and 1 to lines which are just well visible on negatives taken with moderate exposures ; 
very faint lines, which only appeared clearly on strong photographs, are indicated, on 
Row.anp’s plan, by 0 and 00, The estimates of intensity are ‘based on an exami- 
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nation of several negatives made with varying exposures, as there is a tendency for 
small differences in the brighter lines to be effaced by long exposure. It should be 
understood, however, that the intensities estimated in this way indicate little more 
than the relative brightnesses of the lines in the same part of the spectrum. 

The enhanced lines, of which 5527-0 may be taken as a type, fluctuated consider- 
ably in intensity in the are and appeared differently on different photographs. 
Nevertheless, all the lines of this class varied together, so that there was no change 
in the intensities of the enhanced lines with respect to each other, but only with 
respect to the are lines. 

The flutings which occur in the are spectrum are dealt with under a separate 
heading. 


The Arc in Hydrogen. 


The well-known experiments of Crew* and otherst have shown that, when the are 
is surrounded by an atmosphere of hydrogen, the spectrum changes in the direction 
of that given by the spark. Flame lines are relatively reduced and enhanced lines 
increased in intensity. 

Photographs of the scandium are in hydrogen, at a pressure of about 75 mm., were 
taken, and the enhanced lines were readily identified by their strengthening when 
observed in this way. The use of the are in hydrogen probably does not reveal 
anything more than the spark as regards the line spectrum, but is sometimes a 
convenient method of arriving at the same result. Scandia, however, was rather 
refractory under this treatment, and it was not found possible to avoid the presence 
of carbon flutings in the photographs. 

An interesting result of this experiment was the complete disappearance of the 
scandium flutings which form such a striking feature of the are in air. 

Although the enhanced lines as a whole were brightened when the are was passed 
in hydrogen, their relative intensities were not appreciably different from those found 
in the ordinary are. It would therefore serve no useful purpose to give separate 
estimates of the intensities of the lines in hydrogen. Following LockyeEr’s notation, 
the enhanced lines are indicated, in the second column of Table I., by the letter “ p” 
following the intensity number, p being an abbreviation for ‘ proto,” so that pSc 
signifies ‘ protoscandium,” and so on. 

For the more refrangible part of the spectrum (3930 to 4670) the enhanced lines 
were identified first by their behaviour in the arc-flame, as explained under the next 
heading, and checked by reference to a photograph of the spark spectrum which was 
kindly forwarded to me by Sir WiLL1AM Crookes. 

It should be noted that the enhanced lines of scandium differ from those of iron, 
titanium, and certain other elements, in exhibiting themselves with relatively great 


* * Astrophys. Jour.,’ vol. 12, p. 167 (1900). 
T ‘Roy. Soc. Proc.,’ vol. 72, p. 253 (1903). 
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intensity in the ordinary are spectrum, as well as in the spark spectrum. Why this 
should be so is not quite clear, but scandium is not alone in this behaviour, as 
reference to the spectra of calcium, strontium, and barium will show, though this 
point has received little attention hitherto. In the case of the iron are, the enhanced 
lines are almost insignificant in the integrated light, but they appear with consider- 
able intensity close to the positive pole, and with less intensity near the negative 
pole.* It would seem that in the case of scandium and the other elements named 
the region of the are in which enhanced lines are produced is of greater extent than 
in the case of such substances as iron. However that may be, the H and K lines of 
calcium, the lines 4078, 4215 of strontium, the lines 4554, 4934 of barium, and the 
lines of scandium in question, have all the other characteristics of enhanced lines and 
may be properly regarded as such. They are weakened in the flame, relatively 
brightened in the spark, and are isolated from the other lines of the are spectra when 
observed in the upper chromosphere and in certain stellar spectra. The enhanced 
lines are, in fact, to be regarded as forming a distinct spectrum of scandium, which 
may or may not co-exist with the other lines according to circumstances, <A separate 
list of these lines is given in Table Y. 


The Arc-Flame Spectrum. 


An economical method of producing an approximation to the flame spectrum was 
suggested by the observations of the spectrum of euxenite, to which reference has 
already been made. It was felt that the material available was inadequate for the 
effective use of the oxyhydrogen flame, or even for the comparatively long exposures 
required for the outer part of the flame of an ordinary are. 

The method of purposely introducing other substances into the are was therefore 
adopted, the idea being to produce a “flaming arc” without unduly increasing the 
number of impurity lines in the spectrum. For this purpose silicate of soda, silicate 
of potash, and sodium chloride were separately tried and found to be effective if used 
in sufficient quantity. A very long “are” was thus obtained (the P.D. between the 
poles falling to about 30 volts), and photographs were secured in which the enhanced 
lines, including even the strong line 5527, were reduced to mere traces. In the blue 
end of the spectrum the strong enhanced lines were much enfeebled in other 
photographs covering this region, and it might have been possible to abolish these 
lines also if more material had been available for continued experiments. 

It should be mentioned that the spectrum fluctuated considerably, the enhanced 
lines occasionally coming in as in the ordinary are, but, so far as possible, the exposures 
were only made in the intervals when visual observations showed that the enhanced 
lines were absent from the spectrum. The desired condition could be restored, in a 
general way, by adding more of the supplementary substance. 


* Fow er, ‘ Monthly Notices R.A.S.,’ vol. 67, p. 154 (1906). 
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A valuable confirmation of the identification of the enhanced lines was thus obtained, 
but as regards the remaining lines it can only be said that, within the limits of these 
experiments, the brighter are lines survived in the “are-flame” with little change in 
their relative intensities. 

The arc-flame spectrum may accordingly be regarded as consisting of the brighter 
lines of the are spectrum, except that the enhanced lines (indicated by “ p 
second column of Table I.) are entirely absent. Separate estimates of intensities in 


? 


in the 


the are-flame would therefore be superfluous, and might be misleading. The principal 
lines of the are-flame spectrum are brought together in Table TV. 


Impurities. 


Allowing for the impurities known to be introduced by the use of carbon poles, or 
by admixture with other substances for the special purposes already mentioned, there 
is no evidence of any considerable impurity in the scandia so carefully prepared by 
Sir Wiiit1AM Crookes. In the blue end of the spectrum, thanks chiefly to the 
admirable work of ExXNER and HAscuHex, fairly complete data are available for the 
detection of such impurities, and in this region at least, with the exception of the 
yttrium line 4883°8, all the probable impurity lines are extremely faint. In the less 
refrangible parts of the spectrum the existing records do not permit the identification 
of impurities to the same extent, but from the evidence afforded by the blue end it is 
unlikely that any but very faint lines will turn out to be due to substances other 
than scandium. 

A list of the lines rejected as impurities (excluding those of calcium, barium, iron, 
sodium, and potassium introduced in the course of the observations) is given in 
Table II. It will be seen that the principal impurity lines are attributed to yttrium, 
ytterbium, thorium, and cerium, while a few lines are probably due to samarium, 
gadolinium, and europium. Other faint lines at present included im the general list 
of scandium lines, Table I., may subsequently have to be rejected as impurity lines, 
more especially those which occur in the region less refrangible than 4700. 

As will be seen from Table I., not more than two of the lines given by ExNErR and 
Hascuek do not occur in Sir Wii~ttAM CROOKES’ scandia, while several of LocKYER 
and BAXANDALL's lines have not been found. The scandium oxalate with which the 
latter observers worked was admittedly impure, and it would appear probable that 
lines given by them which do not occur in my own list are not due to scandium, As 
no list of rejected lines was given by LockyrrR and BaxaNDALt, it cannot be 
determined to what extent the additional lines in my table should be attributed to 
impurities on similar grounds. 

As already remarked, impurity lines in my own catalogue are probably only to be 
expected among those of very low intensity, but several well-marked lines are not 
recorded by LockyER and Baxanpatu. In reply to an inquiry as to three of these 
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lines, 5210°7, 5219°7, and 5875°5, all of which were given as scandium lines by 
THALEN, Sir Norman Lockyer has kindly informed me that weak lines in these 
positions were found on the Kensington photographs, but not included in the published 
list. The line at 5210°7 was almost masked by the shading from the strong silver 
line 5209°6 arising from the silver poles employed for the arc, and this probably 
accounts for its being passed over. In the case of 5219°7 the line was marked on the 
photograph as an impurity, but the record as to the substance to which it was 
attributed has been misplaced. The third line, 5375°5, was omitted as being possibly 
due to thorium, for which THALEN gives a fairly strong line at 5374°6, or 5375°6 when 
corrected to ROwLAND’s seale. A photograph of the thorium spectrum, taken for the 
purpose, shows that the line in question is not truly comcident with the thorium line. 
There accordingly seems to be no sufficient reason why these three lines should not be 
regarded as part of the scandium spectrum. 


Flutings. 


In addition to the line spectrum, all the photographs, with the exception of those 
of the are in hydrogen, show a fluted spectrum which is especially strong towards the 
red end, but extends also into the green and blue-green. Several of these flutings 
have previously been noted in the spark spectrum by THALEN, who regarded them as 
being probably due to the oxide of scandium and not to the metal itself. The complete 
disappearance of the flutings when the are is passed in hydrogen tends to confirm 
THALEN’s view that they originate in the oxide, but no further research on this point 
has yet been undertaken. 

A list of the flutings, all of which fade away towards the red, is given in Table III. 
An attempt has been made to include all the fainter heads as well as the bright ones, 
but some of the heads are rather diffuse and the positions consequently somewhat 
uncertain. | 

By far the brightest group of flutings is in the orange-red, beginning at 6017°3, and 
there are fainter groups beginning at 6408°7 and 5737°2. There are no flutings in 
the middle green, but three rather feeble flutings, showing structure lines over a long 
range, begin at 4672°8, 4858-2, and 5133°8. No flutings have been found in the blue 
and violet. 

In the sunspot spectrum there is a hazy line about 6036°6 which may perhaps 
correspond with the brightest scandium fluting measured as 6036748, but as the other 
bright heads cannot certainly be traced (partly on account of Fraunhofer Imes) the 
evidence as to the presence of scandium oxide in spots is very slight. 


Comparison with the Solar Spectrum. 


Several important additions to ROWLAND’s identifications of solar lines with 
scandium were made by Lockyer and BAxANDALL, and other possible coincidences 
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were indicated. The intensities of the solar lines, however, were often disproportionate 
to those of corresponding lines in the are spectrum. 

If we dealt only with the are spectrum of the element in relation to the sun, the 
selection of lines for representation in the Fraunhofer spectrum would certainly be 


very remarkable. Of two lines in the same part of the spectrum one may be a 


comparatively strong line in the sun, while the other, although at least equally strong 
in the are, may be weak or missing. For example, the strong line 5672 only occurs 
with intensity 0 in the sun, while 5684, which is much weaker in the arc, appears 
with intensity 1 in the sun. 

These differences, however, become comprehensible when due attention is given to 
the properties of the different lines. The lines of scandium which appear most 
prominently among the Fraunhofer lines are, in fact, the enhanced lines, and within 
the limits of error of estimation they appear with relative intensities which are 
identical with those in the terrestrial spectrum. Lines other than those which are 
enhanced, even though strong lines in the are, occur only as very faint lines in the 
solar spectrum. 

The coincidences between scandium and solar lines, within the limits of error, are 
numerous, but many of them cannot reasonably be regarded as other than accidental. 
Even a faint solar line may properly be attributed to scandium if coincident with an 
enhanced line of corresponding intensity ; but if the scandium line be not an enhanced 
one, the coincidence can only be accepted as significant when the solar line is faint 
and the scandium line strong. 

The solar lines which may be regarded as true identifications with scandium, in 
accordance with this conclusion, are indicated in Tables LV. and V., one showing 
coincidences with arc-flame lines, and the other with enhanced lines. It will be seen 
that, notwithstanding the occasional confusion caused by lines of other elements, the 
stronger lines of the arc-flame are represented as consistently as can be expected when 
dealing with very faint lines appearing in such a complex spectrum as that of the sun. 
The identification of the enhanced lines, as shown in Table V., is much more definite, 
in consequence of the greater intensities of the corresponding solar lines. 

The result of this comparison is of further interest in relation to the structure of 
the reversing layer. It has already been suggested by JEweuy,* MircHecy,t and 
others, that different Fraunhofer lines are produced at different levels, and the 
discussion of the scandium lines tends to support this view. In the case of iron all 
the arc lines, down to the faintest, are well represented by dark lines in the sun, and 
there are no enhanced lines so strongly shown as the stronger are lines. With 
scandium it is just the opposite, and the simplest supposition to make is that only a 
small amount of scandium absorption originates at the level which produces the 
majority of the Fraunhofer iron lines. Since direct observations show that enhanced 
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+ ‘ Astrophys. Jour.,’ vol, 22, p. 37 (1905), 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


56 MR. A. FOWLER ON THE SPECTRUM OF SCANDIUM, 


lines, both of scandium and iron, occur in the upper chromosphere (see p. 59), it seems 
to follow that the greater part of the scandium absorption is produced at a relatively 
high level, where the conditions are such as to brmg about the comparative isolation 
of the enhanced lines. The same is probably true of strontium and barium, where the 
enhanced lines are strong in the Fraunhofer spectrum, and in the upper chromosphere, 
while the are lines are feeble or missing. 

It results that while in the case of some elements solar identifications are to be 
based chiefly on arc lines, in others it is the enhanced lines which may be expected to 
show the most important coincidences. 


Comparison with the Sunspot Spectrum. 


‘The previous work of HALE* and myselff has shown that in the spectra of sunspots 
there is a general tendency for Fraunhofer lines of enhanced metallic origins to be 
weakened, while flame lines are specially selected for strengthening. This difference 
of behaviour is well marked in the case of scandium, as will be seen from Tables IV. 
and V. ‘The data for spots given under ‘‘ HALE” are derived from the Mount Wilson 
preliminary catalogue of spot lines, extending from 5009 to 5853,{ and from the 
recent more detailed list covering the region 4000 to 4500.8 The intensities under 
my own name have been derived either from the Mount Wilson photographic map of 
the spot spectrum (4600 to 7200), or from photographs in the region 3930 to 5800 
which have been kindly placed at my disposal by Mr. Micuie Smrru, Director of the 
Kodaikanal Observatory, India. Several lines which have escaped record in the 
published catalogues of spot lines are clearly seen to be affected when special attention 
is directed to them. Some of the lines have also been noted in my own visual 
observations, and in those of Corrie and MrrcH Ett. 3 

Referring first to the enhanced lines of scandium (Table V.), it is evident that in 
the less refrangible parts of the spectrum there is a distinct weakening of these lines 
in spots, while in the region more refrangible than F the evidence as to actual 
weakening is very slight. For the most part there is no definite change of intensity 
of the enhanced lines in the blue end of the spectrum, but it has already been 
recognised that, on account of photospheric light diffused over the spot, or from still 
undetermined causes, the sunspot spectrum as a whole tends to lose its characteristic 
features in the blue and violet, in so far as it has yet been photographically registered. |) 
If the difference in the two parts of the spectrum be real, and independent of the 
conditions of observation, it may be that the phenomenon is related to that found in 


* * Astrophys. Jour.,’ vol. 24, p. 202 (1906). 
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some of the Wolf-Rayet stars, where the less refrangible lines of hydrogen are bright 
and the more refrangible ones dark.* 

A general comparison of the unenhanced lines with the spot spectrum ghows that 
all the more prominent lines are considerably strengthened in passing from the sun to 
the spot. Seeing that the spot spectrum is far more crowded with lines and flutings 
than the solar spectrum, it is not surprising that there are several apparent coin- 
cidences of spot lines with the fainter lines of scandium, but, with our present 
knowledge, it would be unphilosophical to regard such occasional coincidences as 
significant. The only scandium lines which can confidently be regarded as intensified 
in the spot spectrum are, in fact, those which are brightest in the arc-flame spectrum 
previously described. The strongest line of all is 6305°88, and other prominent lines 
are 6210°90, 5700°40, 5687°05, and 5672°05; in the blue end, the strengthening of 
arc-flame lines, like the weakening of enhanced lines, is less marked in the photographs 
at present available. 

The principal lines of the arc-flame spectrum, including all the unenhanced lines of 
intensity 6 or more from Table L., are brought together in Table IV. and compared 
with the sun and sunspots. There is a certain amount of confusion with lines of other 
elements in spots, but it ntay be reasonably concluded that the intensities of the lines 
in spots correspond closely with their intensities in the are-flame. The line 551444 
does not appear in the spot spectrum as might have been expected, but it is at the 
lower limit of intensity, and it would be unwise to conclude from the behaviour of a 
single line that the conditions in spots are very different from those of the arc-flame. 
It may be supposed that while there is a general imerease in the scandium flame 
absorption, the increase does not suffice to bring the fainter lines to an intensity 
within the range of observation. 

It is quite certain, therefore, that while the enhanced lines of scandium are 
weakened in spots, the remaining lines are strengthened more or less in proportion to 
their intensities in the arc-flame, at least in the less refrangible parts of the spectrum. 
As the relative intensities of the two sets of limes in spots approximate to those found 
in the are spectrum, it is possible that there is a descent of scandium vapour from the 
upper region, where the conditions are such as to produce enhanced lines, to a lower 
level where the prevailing conditions approximate to those of the arc. Reduced 
temperature of the spot vapour, accompanying this change of level, perhaps provides 
the readiest explanation of the difference between the Fraunhofer and spot spectrum, 
but much further investigation in several directions is necessary before the precise 
nature of the action in spots can be ascertained. 


Comparison with the Chromosphere. 


Two principal sources of data relating to the chromosphere are available for 


* CAMPBELL, ‘ Ast, and Astrophysics,’ vol, 13, p. 457 (1894). 
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comparison with terrestrial spectra: namely, eclipse photographs, and visual obser- 
vations made at ordinary times, the former being especially valuable for the blue end, 
and the latter for the less refrangible parts of the spectrum. Eclipse records are now 
numerous, but completely satisfactory discussions of the Imes are not yet possible, 
owing to discordances in the wave-lengths given by different observers, and the 
inadequate resolving powers of most of the instruments which have been employed. 
Nevertheless, since identifications usually depend upon apparent agreement in wave- 
lengths and intensities of several lines of the same substance, there is reasonable 
certainty as to the origins of many of the lines. 

Youne’s well-known catalogue of chromospheric lines,* observed without eclipse, 
remains the principal source of information with regard to the less refrangible parts of 
the spectrum, though supplementary observations have been made by MitrcHe.y,t 
NaAGARAJA,{ and myself.§ Further determinations of the wave-lengths and characters 
of many of the chromospheric lines, however, are urgently needed. Youne’s obser- 
vations were mostly made before RowLanp’s photographic map of the solar spectrum 
became available, and his subsequent revision was only fragmentary, so that many of 
the wave-lengths cannot be regarded as final. A more complete distinction between 
“ high-level” and “ low-level” lines is also greatly to be desired. 

A few lines of scandium have been noted by Lockyer and others in eclipse spectra, 
and a greater number by Dyson,|| who pointed out that the intensities agree well 
with those of the spark. Making due allowance for the lack of highly precise data, 
the general result of the more complete comparison which is now possible is to show 
that it is only the enhanced lines of this element which can be regarded as 
contributing to the chromospheric spectrum. Of the four strongest lines of the are- 
flame spectrum, 6305°88, 5672°05, 4023°83, and 4020°55, there is no suggestion of a 
chromospheric coincidence except in the case of the last; Dyson gives a line at 
4020°50 in his eclipse list, but, as there is no indication of the adjacent similar line at 
4023, the coincidence may be considered accidental, especially as the wave-length 
given by EvERSHED’ is 4020°3. 

A complete list of the enhanced lines of scandium is given in Table V., which also 
shows the corresponding solar and chromospheric lines. For the region more 
refrangible than 4670, the latter have been taken from Dyson’s tables, while the less 
refrangible lines, with their “ frequencies” and brightnesses, are from Youne’s 
catalogue. All the brighter enhanced lines are obviously present in the chromo- 
sphere, but the fainter ones, as might be expected, have not yet been recorded. 


* SoHEINER’s ‘ Astronomical Spectroscopy,’ Frost’s translation, pp. 184 and 423, 
+ ‘ Astrophys. Jour.,’ vol. 24, p. 82 (1906). 

t ‘Astrophys. Jour.,’ vol. 26, p. 150 (1907). 

§ ‘Monthly Not. R.A.S.,’ vol. 66, p. 362 (1906). 

| ‘Phil. Trans.,’ A, vol. 206, p. 440 (1906). 

4] ‘Phil, Trans.,’ A, vol, 201, p. 487 (1903). 
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Apart from the interference of other lines, the intensities correspond closely with those 
of the terrestrial spectrum. 

This result is in good accordance with the work of LockyER on eclipse spectra, 
which has shown that enhanced lines in general are specially developed in the 
chromosphere. My own observations* have further shown that enhanced lines 
appear as “‘ high-level” lines in the chromosphere, while are lines are mostly restricted 
to the region near the photosphere. In the case of scandium, the enhanced line 5527 
is certainly a high-level line, and 5240, according to my recent observations, is of the 
same type. That the same is true of other enhanced lines in the blue, notably 4247, 
is indicated by the lengths of the corresponding ares in photographs of eclipses taken 
with the prismatic camera. In Youne’s catalogue high frequency may often be taken 
as an indication of high level, since lines of the latter class are brought into view by 
comparatively feeble disturbances, and the lines 5031, 5658, and 5684 may be regarded 
as of the high-level class from this evidence. 

It may therefore be concluded that scandium exists in the higher reaches of the 
chromosphere, under conditions specially favourable to the production of enhanced 
lines, while there is no evidence of its presence at lower levels except that afforded by 
the feebly developed are lines in the Fraunhofer spectrum. 


Summary of Results. 


1. The are spectrum of scandium consists of two distinct sets of lines, which behave 
very differently in solar spectra. Each-set includes both strong and faint lines. 

2. Lines belonging to one set correspond with the enhanced lines of other elements, 
notwithstanding that they appear strongly in the ordinary are spectrum. 


(a) These lines are very feeble or missing from the arc-flame spectrum, and are 
strengthened in passing to the are, the are in hydrogen, or the spark. 

(L) They occur as relatively strong lines in the Fraunhofer spectrum. 

(c) They are weakened in the sun-spot spectrum. 

(d) They occur as high-level lines in the chromosphere. 


3. The remaining lines show a great contrast when compared with the first group. 


(a) They are relatively strong lines in the are-flame. 

(b) They are very feebly represented in the Fraunhofer spectrum. 

(c) The stronger lines are prominent in sun-spot spectra. 

(d) They have not been recorded in the spectrum of the chromosphere. 


4. The special development of the enhanced lines in the Fraunhofer spectrum, 
together with their presence in the upper chromosphere, indicates that the greater 


* ‘Monthly Not. R.A.S.,’ vol. 66, p. 362 (1906). 
I 2 
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part of the scandium absorption in the solar spectrum originates at a higher level 
than that at which the greater part of the iron absorption is produced. 

5. The discussion of scandium lines indicates that while in the case of some elements 
solar identifications are to be based chiefly on are lines, in others it is the enhanced 
lines which may be expected to show the most important coincidences. 

6. The flutmgs which occur in the are and are-flame spectra do not appear when 
the are is passed in an atmosphere of hydrogen. As suggested by THauty, they are 
probably due to oxide of scandium. 


In concluding this paper the author is anxious to express his great indebtedness to 
Sir WILLIAM Crookes, without whose aid in providing purified scandia the greater 
part of the investigation would not have been possible. Valuable assistance in taking 
the photographs, and in checking some of the determinations of wave-lengths, has also 
been rendered by Miss L. Ancock, A.R.C.S., BSe., H. SHaw, A.R.C.S., and 
A. Eaote, A.R.C.S. 


TaBLe [.—Are Spectrum of Scandium. 











86°67 2-3 


. LOCKYER EXNER 
SOWLER: and BAXANDALL. | and HASCHEK,. 
B a S Remarks, 
Wave- ‘a Wave- a Wave- a 
length. 5 length. 5 length. E 
5 E E 
3933 °55 3 * 3933°59 6 | * Possibly masked by Ca line. 
\- 52°43 1 | * Photographs rather weak here. 
89°18 0 89°18 ] 
96°76 6 | 3996°75 5 96°79 15 | ROWLAND gives Se in sun at 96°68. 
4014°65 2p*, 4014-66 3 | 4014-68 6 | * Lines marked “ p” are enhanced lines. 
20°55 9 20°55 8 20-60 20 | Strong arc-flame line. 
23°40 oO | 23°36 l 
23°83 10 | 23°88 8 23°88 30 | Strongest line of arc-flame spectrum in blue. 
31°53 ] 31°51 2 | 
34°37 0 34°35 2 
37°00 0 36°98 1 
43°98 2 43°97 2 
46°64 l 46°64 2 
47°96 4 47°97 4—5 47°98 10 
50°11 l 50°09 2 
52°00 0 52-00 1 
54°71 6 54°68 3 54°71 10 
56°75 2 56°72 3 
67°17 1 67°15 2 
75°13 1 75°13 2 
78°72 1 78°70 2 
82°59 7 82°59 6 82-60 15 | Strong arc-flame line. 
86°20 0 86°15 1 
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TABLE I (continued). 











LOCKYER EXNER 
POWER. and BAXANDALL. | and HASCHEK. 
| 5 a aS Remarks. 
Wave- ‘a Wave- ‘@ Wave- a 
length. | 5S | length | & | length | & 
5 E E 
a as be inate 
4086-81 1 4086-80 3. | La? 
87°29 2 | 4087:26 1 87°28 3 
94°85 2-3 
95°01 l 95°03 1 
| 4106'02 | 2-3 
4133-18 | 3 33°10 2 | 4133°10 4 
40°45 4 40°42 | 2-3 40°42 5 
41°78 1 
52°52 4 52°50 3 52°51 8 
62°85 1 
63°77 l 
65°37 4 65°38 | 2-3 65°39 8 
71°47 1-2 
71°93 2 71°98 | 2-8 71°92 2 
4218°41 0 4218-43 1 
19-90 0 19°90 1 
22°07 0 
4224°32 1 
25°78 1 25°76 1 
32°09 2 32°13 1 
33°80 2 33°83 2 
37°94 0 37°96 1 
38°25 3 38°25 2 38°21 3 
39°74 0 39°72 1 
46°30 0 46°27 1 
47°00 10p 47°00 10 47°02 50 | Strongest enhanced line in blue. 
51°22 1 
59°86 0 
83°74 1 83°71 l 
86°73 1 86°71 1 | Er? 
94°94 4p 94°91 4—5 94°94 5 
4305°88 4p | 4305°83 4-5 | 4305°89 8 
14°25 | ‘Tp 14°25 9 14°31 30 
20°91 7p 20°90 9 20°98 20 } song enhanced triplet. 
25°15 Gp | 25°15 8 25°22 | 2 
48°66 0 
54°78 4p 54°74 | 3-4 54°79 3 
58°85 l 58°85 1 
59°23 1 59°25 1 
59°83 0 
65°11 1 
74°68 8p 74°65 8 74°69 20 | Strong enhanced line. 
75°34 0 75°32 1 
81°43 1 
84°97 3p | 84:99 4 | 84°98 3 
89°75 1 89°76 1 
4400 °56 8p | 4400°56 8 | 4400°63 20 | Strong enhanced line. 
15°72 7p 15°72 7 15°78 20 % 2 
1 


20°83 Ip| 20°82 | 1-2 | 20-84 
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TaB.E I. (continued). 


_—_—_—_—_—_— 


LOCKYER EXNER 
and BAXANDALL. and HASCHEK. 


FOWLER. 


me ee ee ee 














iss & iy 
Wave- eo Wave- a7 Wave- "a 
length. 9 length. 5 length. & 
A 5 5 
4431°53 1p | 4431°56 | 2-3 | 4431°52 9 
4542-76 l 4542-74 1 
44-88 9 44°86 1 
5742 | 2 | | 57 *45 l 
4563" 40 a 
74:20 9 | | 7420 2 
| 79°15 oh | | 
4604-94 1 | —-4604°88 1 
09°71 O-1 | 
10°16 0 | | | 
10°59 0 | | 
70°59 Gp | 4670-59 7 70°59 5 
80°68 2 | | 
82-16 0. | 
4707°10 2 | | 
09°51 2 | 4709°53 1 
11°90 0 | 
14:03 | 
14°52 1 Ce ? 
16-44 | 1 | 
17°21 0 
19-48 | 1 | 
20°95 | 0 | 
28°95 2 29-00 1 =| 
29:39 | 5 | 472939 | 3 | 99-43 | 2 | 
32°46 l | 
34°28 5 34°31 | 3-4 34°31 3 
35°27 1 | 
37°82 6 37°88 4 37°86 3 | 
41-20 7 41-24 5 41°+23 4 
43°98 8 44°04 6 44°01 5 
46°32 l | 
49°15 1 (Record |ends.) 
| THALEN (spark).* 
| 
| | 
53°35 6 4753°8 gh) 
59°11 1 | 
63°25 3 | 
71-60 l | 
79°53 G 
83°69 0 
84°46 0 ; 
91°69 2 
93°14 0 


4820°52, | 2-3 


i 





* Corrected to ROWLAND’S scale. 


Remarks. 
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Intensity. 


Re BOD RK kee wm OrF OF WOO = = © 
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=) 
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TABLE I. (continued). 


LOCKYER 
and BAXANDALL. 


be is 
Wave- ‘2 Wave- @ 
length, 3 length. 2 
= = 
— Loom 
| 
4827°8 
33°8 l 
4837 °27 2-3 
38°8 l 
4909°5 l 
22°5 i] 
4937°29 2-3 
54°12 1-2 54°5 l 
73°9 1 
80°49 1 80°4 l 
87°26 1-2 
92°06 1-2 91°8 1 
5009-68 2 
31°20 8 5031°1 10 
64°35 2 64°] 2 
70°34 3-4 70°6 4 
75°85 1-2 76:1 ] 
79°79 l 
81°68 6 81°6 6 
83°77 5 83°6 5 
85°64 4 85°6 4 
87°06 3 : 
87°18 2 } 87-0 9 
89°95 2 90°1 l 


THALEN (spark), 


Remarks. 


St 


A 


Not Ca 78°31 or Fe 78°41. 


Not Ba 34°24, 
Yb? 


Er? 


Strong enhanced line. 


} Strong arc-flame lines. 
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LOCKYER 


and BAXANDALL. 

















FoOwLER. 
B 
Wave- “2 Wave- 
length. § length. 
c- 
5092°54 oO | 
96°90 | 38 | 5096°81 
99-38 4 | 99-28 
5101-26 3 | 5101-21 
04°43 
05°60 
09:20 | 2 09-09 
| | 10°85 
13:00 | 2 | 12°87 
16°86 | 3 16°73 
| 21-60 
| 31°14 
47°08 
48 +28 
5210°68 | 5 
11°48 | 0 
' 19:06 | 0 
|. 19°75 5 
89-99 5p | 5239-99 
58-49 5 58+46 
69°65 
85°15 1] 
85-90 5 | 85°88 
5302-12 2 | 
5307-83 
ior | 47 
15°77 | 1 
18°52 2p 18°41 
23°26 | O 
23°94 | 0 
| 25-14 
| 28°05 
31-98 1 
34°43 0 
39°58 | 2 
41-21 | 2 | 
43°13 | 2 | 
49°47 | 5 4932 
49°91 | Q 
50°44 1 
56°26 | 6 56°14 
57°38 OO 
; 5S . 69 
75°5B | 5 
| 89-89 
92°30 | 6 | 92°12 
5416°43 3 
25-80 | 3 
29-62 3 
33°43 | 4 


Intensity. 





A A ae 
En en 


i #0 8 
bo Os oS 


bo 


to 


hm bo 


TABLE I. (continued). 


Wave- 
length. 


5097 - 
99° 
5101° 


17 


5318" 


40° 
41° 
42° 
49° 


56° 


75° 


—— © 


| 


acc © 


THALEN (spark). 


Intensity. | 


— 


to Hm OO bo 


Qe et 





Remarks. 


Strong enhanced line. 


Not Th. 
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o 

= 

3 

= 
Intensity. 





— ee ee et be © Odo bo 


bo 
-~I 
=, 
Ow 
— 
oT oO co 
rS 


IIo Croc 

© e Ct Co bo 

orOoOWOS 

= ann ol 
a 


Boras OFNDPeKE WP NwPwWwWooOoWwonr COO & bo 
co 
_— 


~~ 
~J 
~J 
Oo 


VOL. CCIX.—A. 


5478: 
82° 
84° 

«5514: 
20° 
27° 
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Wave- 
length. 


"44 


‘10 
‘56 


‘40 
“25 
‘05 


*44 
‘07 


*38 


| LOCKYER 
and BAXANDALL. 


Intensity. 





ii 
a 


? 
. 


~I CO -> Oo > 


TABLE I. (continued). 


THALEN (spark). 


i 


5700° 


| s 
 Wave- a 
length. 5 
| 4 
5446°5 4 
52°0 i 
82°1 6 
85-1 6 
5514°6 6 
290°7 | 6 
| 27°2 | 12 

| | 
65°2 2 
91°7 2 
5641°2 6 
57-7 | 8 
67-0 4 
68°8 4 
72°3 8 
84°5 4 
87°3 8 

| ot 

| | 


Remarks. 





| Strongest enhanced line in green. 








Not carbon. 


Strong enhanced line. 


Strong arc-flame line. 





Strong are-flame line. 


Strong arc-flame line. 
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TABLE I. (continued). 


~~ | a 





| | 
| | LOCKYER 


FOWLER. ead Baxanpire THALEN (spark). 





| Remarks. 


Intensity. 
ta 
= 


5711°98 6 11° 
17°54 3 iy 
(Record ends 
here.|) 24° 


om woc 
i 


5894°83 
5919°21 





6211: 
39° 
47° 


_ Strong are-flame line. 


—e © 
or ore s) 


| Strongest enhanced line in red. 


rS 


59°] 


bo 


| 
Pp 80°1 2 
Probably double. 


oC 
oO 
bo 
— 
© 
bo 
OnNWwWOWOW OWE AT NO WOW OCR KP KP OOD whe OOO Ue oT 


05°88 | 10 6305'1 10 | Strongest are-flame line. 


i 
ie 2) 
~ 
bo 

ww rK OK OOK CO 
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3988" 10 
4077-52 
4143°01 
4205°20 
4222°77 
4231°83 
4235°49 
4248 °82 
4270: 90 
4280-09 
4282 °25 
4290-12 
4296-89 
4306 * 46 
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TaBLe IJ.—Impurity Lines omitted from Table I. 


—— 


Intensity. 


=) —) 
ooooocqcooqocooqococoeco 


c—) 


Probable origin. ) 





Wave-length. Intensity. | Probable origin. 
4306 ° 87 00 Ce 
4309 °81 0 a 
4352-30 0 Sa 
4364°82 0 Ce 
4375-10 0 | Zz 
4382 °03 | 0 Th 
4391-30 | 0 Th | 
4391°85 0 Ce 
4398-17 0 Y 
4863 °36 | 0 Th 
4883 °86 2 "4 
4920-00 0 Th 
5402 °94 0 yg 
5477 “86 0 Yb 


TasLe III.—Flutings occurring in the Are Spectrum of Scandium Oxide. 
(All fade away towards the red.) 


FOWLER. 


Wave-length. Intensity. 


— 


4672: 
4707° 


4858 ° 
4893° 


5133 
5171 


5737 


85 
10 


25 
15 


"86 
‘30 


“20 
5761" 
5764: 
5773" 
5775° 
5797° 
5801° 
5810: 
5811: 
5836 - 
5839° 
5848: 
5849: 
5876: 





tS > bo GS 


ht BOS 


rm Co Go bo bo Ge Co bo bo Ge Go bo bo 


THALEN.* 


Wavelength Intensity. nih 


ee a eee ee 


5737°5 


5773°0 


58024 
5810°0 


5843°0 
5849 °5 


a re 





Remarks. 


Head of blue fluting 


Probable sub-head } Structure traced to a. 


Head of blue-green fluting | Structure traced to 
Sub-head 5000. 


Head of green fluting Structure traced to 5300. 
Sub-head 


Beginning of yellow group. 


Wide head line. 


Wide head line. 


* Corrected to ROWLAND’S scale. 


K 2 
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= 





FOWLER. } Baantoe® 
| | 
Wave-length. Intensity. 





5919 


or 
so) 
~) 
oo 
bo 
© 
m bo Re Co Oo Ge bo 





—_— 


DMwWWFEH WHE WOATIAKwAmaVOeNW orf 


6188-35 


mem eR bo 


a 
a 
yh 
on 
DwTIe wDUDON@®rY=1 
ae 


me bo hee Oo 


THALEN.* 


W rela Intensity. 





5878- 
5887 - 


| 6017: 
 6038- 


6065: 
| 6072: 
6080" 


6101° 
| 6115- 

6141° 
— 6146" 
6154°- 


| 6193: 


TaseE [II. (continued), 


= Remarks 
ie anit, | ee 


-——— -- ———$___— 








0 Wide head line. 
Bar| ” 5 
‘0 ” ” 
Wide head line. 
| Confused with adjacent Se lines in some photos. 
| 
Dia] 4 _ Beginning of orange group. 
o | 10 
1 | SI 
6 8 
1 10 
BP 6 
9 8 | 
1 4 | Wide head line. A rather uncertain. 
1 2 ! 
| 6 Wide head line. 
4 2 Wide head line. 


Beginning of red group. 


* Corrected to ROWLAND’S scale, 
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TasLe TV.—Principal Arc-Flame Lines of Scandium compared with Sun 
and Sunspots. 


Se are fame. 


Wave- 
length. 





3996" 
4020: 
4023° 
4054° 
4082: 
4737: 


4741 


5081 


5356" 
5 392° 
5482° 
5484° 
5514- 
5520° 
_ 5672 


5687 


5711: 


6210° 
6§239° 
6259° 
6305- 
6379° 


6413° 


76 
55 
&3 
71 
59 
82 


“20 
4743° 
4753° 
4779° 


‘75 
5083" 
5O87° 


98 
35 
53 


88 
17 


26 
30 
20 
83 
44 
73 


‘05 
*O5 
5700- 


40 


90 
15 
88 
02 


54 


’ 
; 
| 








Intensity. 


— 
mowoeoroa ano ~I -1 & Aanrnw=-co ~I 


— 
a aonanw=T 4) 


ee 





i 
| 
Sun (ROWLAND). ape. 
| ae ai 
: = 
Wave-length | “2 | Haze. | Fow er. 
and origin, 2 
| G 
— 96°75* 00 0 
Sc 20°55 | , 1 (+Fe)3 * 
Se 23°83 2 3 3-4 
Se 54°71 00 s 2 
| Se 
Fe >82°59 3 4 4 
Ti 
Fe? 37°82 1 2~3* 
Fe? 41°26 l 2—3* 
— 44°01 000 1 
() 
* 
~81-76 000 | 00 0 
- 83°88 000 00 0 
* 
— 56°27 000 , 00 0 
0 
— 82°20 0000 1-2* 
~84:85 | 000! 00-0 0 
— 14°43 0000 
— 20°73 00 ] l 
Se 72-05 0 2 2 
— 87°06 000 1-2 1-2 
— 00°40 00 2—3* 2—-3* 
* 
- 10°90 00 4 
— 39°98 0000 2* 
~59°14 0000 2 
— 05°88 0000 6 
2-3 


Remarks. 


* ROWLAND attributes 96°68 (00) 
to Se. 

* Fe 20°64 strengthened on violet 
side. 


* Close double with Zr 54°59 (0). 
Strengthened on red side. 


_ Compound line in sun and spot. 


* Probably not wholly Se. 


* 
” ” ” 


* Fe 79°63 strengthened on violet 
side. 


* Ti 87°24 strengthened on violet 
side. 


* Combined with Ti 82°08. 


_* H gives Cut 00°51 as spot line, 


but Se line is included and is the 
more affected of the 


_* Fe 12°10 strengthened on violet 


side, 


* Partly masked by band lines. 


Falls on band of calcium hydride in 


spot. 
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XVII. The Spectrum of Magnesium Hydride. 


By A. Fowurr, A.R.CS., F.R.AS., Assistant Professor of Physics, Imperial College 
of Science and Technology, South Kensington. 


Communicated by Prof: H. L. Cauumnpar, M.A., LL.D., F.R.S. 


Received June 18,—Read June 24, 1909. 
[PLATES 12, 13. ] 


Introductory. 


IN a paper communicated to the Royal Astronomical Society in June, 1907, I gave a 
preliminary account of my identification of a number of hazy “band lines” in the 
spectra of sun-spots with lines composing the green fluting in the spectrum of 
magnesium hydride.* Previous observations had suggested that the origin of these 
lines was most likely to be traced by the examination of fluted spectra, but numerous 
measurements of the flutings of substances such as vanadium and titanium, the lines 
of which are specially prominent in the spot spectrum, gave only negative results. t 
In December, 1906, however, Mr. Newatt published an account of some observations 
of sun-spots in which reference was made to a probable dark fluting beginning at 
5210°2 or 5211°0,f and this observation recalled the principal fluting of magnesium 
hydride with which I had long been familiar. No sufficiently precise measurements 
of the components of the fluting were then available for a satisfactory comparison, but 
new determinations of wave-lengths, based on a large-scale photograph taken for the 
purpose, left no doubt as to the identity of the stronger components with the principal 
band lines of the spots in the region considered. It seemed probable that several 
hundreds of these band lines would eventually be accounted for by magnesium 
hydride, and that the problem presented by the highly complex spot spectrum would 
be greatly simplified if the part due to the flutings could be completely eliminated. 
The present paper gives an account of a more complete investigation of the 


* *Monthly Notices,’ vol. 67, p. 530 (1907). 
+ ‘Trans. Internl. Union Solar Research,’ vol. 1, p. 217 (1906). 
t ‘Monthly Notices,’ vol, 67, p. 170 (1906). 
(457.) 22.10.09 
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magnesium hydride spectrum, and includes a table of wave-lengths for the three 
principal flutings, which it is believed will be of service to those who are engaged in 
the reduction of photographs of the sun-spot spectrum. 


oS 


Methods of Producing the Spectrum, 


The magnesium hydride spectrum appears to have been first observed and 
investigated by Livernc and Dewar in 1878.* In the course of their experiments 
on the reversal of metallic lines, these observers recorded an absorption “line” near 
5210 (corresponding to the first head of the green fluting), and concluded that it must 
be attributed either to magnesium or to magnesium together with hydrogen. The 
same “line” was afterwards observed in the spectrum of the spark between magnesium 
points in an atmosphere of hydrogen,t the line being most constantly visible when no 
jar was employed. With a small Leyden jar in the cireuit, the line was still visible, 
but it was not seen continuously when a large jar was used until the pressure of the 
hydrogen, and its resistance, were very much reduced. In these experiments the 
fluted character of the spectrum was clearly brought out.{ 

In another papers it was further remarked that the line 5210 and the series of fine 
lines which accompany it were sometimes seen in the flame of burning magnesium, 
but appeared with increased brilliance if the burning magnesium were held in a jet of 
hydrogen, of coal gas, or of steam. 

The spectrum has also been investigated to some extent by Sir Norman Locokyer,§ 
whose observations were chiefly made on magnesium ribbon burning in the interior of 
a Bunsen flame. This is, perhaps, the readiest method of producing the spectrum for 
observation with small instruments, but is unsuitable as a source intended for 
photography with high dispersion. 

The most convenient source which I have yet found is the electric are between 
magnesium rods in an atmosphere of hydrogen, preferably at from 1 to 3 inches 
pressure. The spectrum is also well seen if the arc be simply passed in an exhausted 
globe, as a sufficient supply of hydrogen is liberated from the heated poles after a few 
minutes’ running.|| In this way the spectrum is obtained sensibly free from impurity 
lines, and shows little more than the lines of magnesium (and sometimes those of 
hydrogen) in additiori to the flutings of the hydride. 

The construction of the apparatus employed for this experiment will be gathered 
from fig. 1. A glass receiver of 2 or 3 litres capacity was selected, having 2 necks, 
and a side tube about 6 inches in length, which was closed by a plate of glass or 
quartz. The lower pole-piece was attached to a narrow brass tube passing through a 


‘Roy. Soc. Proce.,’ vol. 27, p. 352 (1878). 

‘Roy. Soc. Proc.,’ vol. 27, p. 494 (1878). 

‘Roy. Soc. Proe.,’ vol. 30, p. 96 (1880). 

‘Roy. Soc. Proc.,’ vol. 30, p. 27 (1879); vol. 43, p. 122 (1887). 
FowLer and Payn, ‘ Roy. Soc. Proc.,’ vol. 72, p. 254 (1903). 
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rubber stopper which fitted tightly into the lower neck of the flask. The upper pole 
was attached to a similar brass tube and rubber stopper, but in order to allow of the 
manipulation of the are, the stopper was not placed directly into the upper neck of 
the flask, but was connected with it by a wide rubber tube about 4 inches in length, 
kept stretched by a spiral spring inside it. The upper tube was connected with the 





2 
Ls) 
= = 
L 

3 
= 3 
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Fig. 1. Apparatus employed for are in vacuo, hydrogen, or other gas. 


pump and the lower one with the gas supply, communication with the interior of the 
globe being made through small apertures drilled in the brass tubes near the pole- 
pieces. This arrangement was found quite satisfactory so long as the apparatus was 
not allowed to become overheated, and intermittent exposures extending over several 
hours could be made before the window through which the are was viewed became 
too clouded for further use. ‘The current ordinarily employed was from 2 to 6 amperes, 
derived from the 110-volt lighting circuit, and showing a potential difference of 
40 volts between the poles. 

A convenient method of producing the spectrum has also been described by 
Mr. Brooks,* who has obtained the flutings very brilliantly from a “ high-frequency 
flame discharge” between magnesium ribbon spirals in hydrogen at low pressures. 
In a later papert Mr. Brooks refers to other experiments on the mode of production 
of this spectrum. 


Considerations as to the Origin of the Flutings. 


The outcome of the numerous experiments made by LiveEING and DEwaAr was to 
indicate that hydrogen, in some form or other, was as necessary as magnesium for the 
production of the spectrum under consideration. Summarising their earlier results in 


* ‘Roy. Soc. Proc.,’ A, vol. 80, p. 218 (1908). 
+ ‘Astrophys. Jour.,’ vol. 29, p. 177 (1909), 
VOL, CCIX.—A. 3M 
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1880, these observers stated that “if it (the line 5210 at the head of the green 
fluting) be not due to a compound of magnesium with hydrogen, at any rate it 
occurs with special facility in the presence of hydrogen, and ought to occur in the 
sun if the temperature were not too high. We have been careful to ascribe this 
line and its attendant series to a mixture of magnesium and hydrogen rather than 
to a chemical compound, because this expresses the facts, and we have not yet 
obtained any independent evidence of the existence of any chemical compound of 
these elements.” 

Further important evidence was obtained later by Liveinc and Dewar from a 
series of observations of the magnesium spark, without jar, in hydrogen at pressures 
above that of the atmosphere.* It was found that the flutings increased in brillianey 
with the pressure, until at 15 to 20 atmospheres they were fully equal to the b group, 
notwithstanding that these had also increased in brightness. On letting down the 
pressure, the same phenomena occurred in reverse order, but the brightness of the 
flutings did not diminish so rapidly as it had increased. On introducing a large 
Leyden jar, when the pressure had again reached that of the atmosphere, the flutings 
were still visible, but with gradually diminishing intensity until the spark had 
continued for some time. In explanation of these observations, they wrote: “ It 
appears that the compound, which had been formed in large quantity by the spark 
without jar at the higher pressures, is only gradually decomposed, and not re-formed 
by the high temperature of the spark with jar. This experiment, which was several 
times repeated, is conclusive against the supposition that the flutings are merely due 
to a lower temperature.” Hence it was concluded that “ the series of lines beginning 
at wave-length 5210 are due to a combination of hydrogen with magnesium, and are 
not dependent solely upon the temperature.” 

Since then the spectrum in question has been generally known as that of 
‘“‘magnesium hydride,” and as no sufficient reason has appeared for assigning a 
different origin, this designation has been retained in the present paper. 

I have at various times repeated many of the experiments described by LiverneG 
and Dewar (but not yet including the spark under pressure), and have obtained 
results in complete accordance with those to which they referred. Additional 
observations made during the present investigation may also be mentioned. For 
example, when the are was passed between magnesium poles in a nearly exhausted 
globe, no trace whatever of the hydride flutings was seen on first starting the are, 
but the oxide group beginning at 5007 was a conspicuous feature of the spectrum. 
After 2 or 3 minutes’ running, however, the oxide group entirely disappeared, while 
the hydride flutings gradually made their appearance and finally became very 
brilliant. These gbservations are most simply explained by supposing that the 
residual oxygen present in the globe at the beginning of the experiment was 
gradually consumed, forming magnesium oxide, while hydrogen was liberated when 


* «Roy. Soe, Proc.,’ vol. 32, p. 198 (1881). 
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the poles became heated and entered into combination with the magnesium vapour 
in the outer parts of the are. Other experiments have shown that hydrogen is 
occluded in considerable quantity in the metal, and, in fact, the C and F lines were 
often present in the spectrum, although no hydrogen was otherwise introduced into 
the globe. Attempts to completely expel the occluded hydrogen from the metal 
employed have not been successful. 

In this experiment, if a high vacuum was first produced, the oxide bands were not 
seen at all, but the hydride spectrum gradually appeared as before. Again, when the 
residual air was first washed out by hydrogen, the hydride flutings were brilliantly 
visible as soon as the are was struck, and the oxide flutings were not observed. 
When dry nitrogen at atmospheric pressure was introduced into the globe, neither 
the hydride nor the oxide flutings were seen. In hydrogen at atmospheric pressure 
the hydride spectrum was present, but was less bright than when the pressure was 
reduced. 

In his earlier paper, Mr. Brooks suggested that water vapour might be an essential 
factor in the production of the hydride spectrum,* and the experiment on the are in 
hydrogen was accordingly repeated, with a quantity of phosphoric anhydride intro- 
duced into the globe. After standing for 24 hours, however, the flutings appeared 
at once on striking the are, as in previous experiments, and with undiminished 
brightness. In fact, the absence of water vapour would seem to be sufficiently 
indicated by the absence of the oxide group 5007. Subsequent experiments made by 
Mr. Brooxst have similarly led him to conclude that the presence of water vapour 
cannot be regarded as an essential condition for the production of the hydride 
spectrum. 

All the experiments accordingly tend to show that magnesium and hydrogen are 
together concerned in the production of the flutings, and the simplest supposition is 
that they originate in the combination magnesium hydride. Assuming such com- 
bination of the two elements, it appears to take place directly under the influence of 
the arc, especially at low pressures, or of some forms of the spark discharge, or by the 
combustion of the metal in an atmosphere containing hydrogen either free or in 
combination. 

It should be noted that the production of the hydride flutings is not the only effect 
of hydrogen on the magnesium are spectrum, The enhanced lines also appear very 
prominently,{ but they are especially developed close to the poles, while the flutings 

* «Roy. Soc. Proc.,’ A, vol. 80, p. 223 (1908). 

+ ‘ Astrophys. Jour.,’ vol. 29, p. 187 (1909). 

t The enhanced lines which appear in the visible spectrum are 4481°31, and the pairs of lines for 
which the revised wave-lengths are 4434-20, 4428-20 and 4390-80, 4384-86. The polar localisation of 
these lines as compared with the flutings is particularly marked in a photograph taken with one pole 
of magnesium and one of iron. In another photograph, where the images of the poles appear to 
have been successfully kept off the slit, 4481 was relatively weak, and the feebler enhanced lines were 
wanting. 
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are not so restricted. Since these lines may be obtained in other ways, unaccom- 
panied by the flutings, without the aid of hydrogen (as in the ordinary spark in air), 
it is probable that no chemical action is involved in their production in the are in 
hydrogen. On the other hand, the flutings in question have only been produced in 
the presence of hydrogen, and since they may be obtained without direct electrical 
aid (as in burning the metal in a Bunsen flame), a chemical union of the two elements 
provides the most satisfactory explanation of the observations. 

One of the chief objections to the above explanation of the flutings is that, 
although the spectrum may be easily produced, the compound itself has not yet been 
clearly recognised by chemists. WINKLER* possibly obtained it as part of a mixture 
resulting from heating magnesium with its oxide in an atmosphere of hydrogen, but 
no other chemical evidence of the existence of the compound has been brought 
forward. Further evidence has been sought by an analysis of the deposit formed by 
the passage of the are in hydrogen. This consisted in part of thin spherical shells of 
magnesium, and partly of a fine black or dark grey powder, probably mixed, as a rule, 
with a small proportion of magnesium oxide. The analysis of this deposit was kindly 
undertaken by Prof. TrLDEN, who reports that the volume of hydrogen given off on 
dissolving the sample supplied was always less than the amount calculated on the 
supposition that it was pure magnesium, and that there was no evidence of a hydride. 
This was, perhaps, only to be expected from the observation that there was no 
appreciable absorption of hydrogen during the passage of the are, but there was the 
possibility that such absorption might be partly counteracted by the liberation of 
hydrogen from the heated poles. 

In explanation of the spectroscopic observations, on the hypothesis that the flutings 
are produced by magnesium hydride, it may be supposed that a very small quantity 
of the compound is competent to produce a brilliant spectrum. The compound would 
not be unique in this respect, as the cyanogen flutings are ordinarily well developed 
in experiments on carbon compounds even if only a very small trace of nitrogen be 
present. Or it may be, as suggested by Mr. Brooks, that the compound is in most 
experiments decomposed as quickly as it is formed. A perfectly definite conclusion 
does not at present seem to be possible. 


The Spectrographs Envployed. 


For obtaining a general record of the visible spectrum, a small Littrow prismatic 
spectrograph, giving the region C to K on a plate 6} inches long, was employed. The 
photograph reproduced in Plate 12, No. 1, was taken with this instrument. 

Numerous photographs were also obtained with a larger instrument of the same 
type, giving the region 6700 to 4700 on a 12-inch plate. A great deal of time was 
spent in reducing these photographs, using RowLAnp’s wave-lengths, but a concave 


* «Ber. Deutsch. Chem. Gesell.,’ vol. 24, p. 1973 (1891). 
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grating of greater resolving power afterwards became available and the results were 
discarded. 

The concave grating was ruled by Rownanp, and has a radius of curvature of 
10 feet, and a ruled space 3} inches by 1 inches. It was mounted temporarily as a 
Littrow spectrograph by Mr. Eaeuer, and the photographs were taken on plates 
12 mches by 24 inches. In the first order, the dispersion is about 54 tenth-metres to 
the millimetre, but in this method of using the grating the spectrum is not a normal 
one. Excellent photographs of the first-order spectrum were obtained with exposures 
ranging from 5 to 90 minutes, and the definition was very satisfactory. Photographs 
have also been taken m the second order, showing the principal lines of the green and 
blue flutings, but giving no impression of the fainter fluting in the yellow green. 

A general record of the ultra-violet spectrum, extending to 2300, has been obtained 
by the use of a Hilger quartz spectrograph having one prism of 60 degrees. 


General Description of the Spectrum. 


When observed with small or moderate dispersion (Plate 12a, No. 1), the spectrum 
of magnesium hydride, as remarked by Lirvernc and Dewar, is somewhat similar in 
general appearance to the carbon (‘‘Swan,” or candle flame) spectrum, and the 
respective flutings occupy nearly the same parts of the spectrum. In each case the 
brightest fluting is in the green, and there are fainter ones in the yellow-green and 
blue, the first heads of the carbon flutings being at 5635°4, 5165°3, and 4737°2, while 
those of magnesium hydride fall at 5621°6, 5211°1, and 4844°9. Further, there is a 
fluting of simple structure at 4311 in the hydrocarbon spectrum, and a somewhat 
similar fluting of magnesium hydride at 4371°8, 

On more minute examination, however, the resemblance is less close than might at 
first appear. Even under moderate dispersion the blue flutings in the two spectra 
are clearly of different structure, and they have practically nothmg im common when 
the dispersion is great. The green and yellow-green flutings in the two spectra 
resemble each other in showing three or four heads, but whereas in the case of carbon 
the secondary heads persist under high dispersion, those of magnesium hydride are 
soon lost in the general mass of lines as the dispersion is increased. 

From the extreme visible red to the beginning of the yellow-green fluting at 5621 
the spectrum consists of a great number of faint lines, showing no heads sufticiently 
pronounced for measurement as such, though the lines are by no means equally spaced. 
(The carbon are shows a very similar appearance in this region.) ‘The yellow-green 
fluting begins with a series of rather faint lines, but stronger lines appear in the more 
refrangible part, and the components can be traced to the head of the next group. 
The green fluting beginning at 5211 also has its strongest lines a considerable distance 
from the first head, and becomes very faint as it approaches the blue band. Still 
creater complexity is shown by the blue group of flutings, which has its greatest 
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intensity in the region about 4780, and can be followed to the violet head at 4371. 
The spectrum, in fact, shows an almost unbroken succession of lines at very short 
intervals throughout the entire visible spectrum, but the lines are mostly faint, except 
in the definite flutings to which reference has been made. 

The ultra-violet spectrum, of which no measurements have yet been undertaken, 
also exhibits a great number of lines distributed throughout its whole extent. There 
is a well-marked fluting, very similar to the one in the green, with its head about 
2430, and fading off on the more refrangible side. There is also an interesting series 
of double lines in the region about 2940 to 3100, in which the lines close up towards 
the side of shorter wave-length, whereas the somewhat similar series which can be 
traced in the green and yellow-green flutings converge towards the red. 

Another feature of the spectrum, which cannot be very clearly seen in the 
reproductions, is possibly of some importance. On photographs which have received 
sufficient exposure, there are patches of unresolved continuous background, sometimes 
terminated by strong lines, but often by lines which are very faint and indistinct. 
Intervening places in the spectrum, varying in width from about 0°3 tenth-metre 
upwards, remain conspicuously clear in the negatives, and have the appearance of 
bright lines or narrow bright bands. 

Similar patches of “ dark ground” have been noted by Kayser and Runge in their 
account of the 3883 fluting of cyanogen,* and the same appearance may be seen in 
the flutings of titanium oxide and other substances. This appearance, however, does 
not seem to be special to fluted spectra, as regions of dark ground and exceptionally 
clear spaces are also found in negatives of the crowded ultra-violet are spectrum of 
iron. In the latter case, the darker places are probably due to groups of closely 
adjacent faint lines, or to an underlying banded spectrum, and the darker places in 
fluted spectra may similarly be due to groups of faint lines, Attempts to indicate 
the positions of the dark and bright places in the magnesium hydride spectrum were 
abandoned, on account of the difficulty of dealing with differences depending upon the 
dispersion employed and upon differences of exposure. 


Deternunation of Wave-lengths. 

The catalogue of wave-lengths which appears at the end of the present paper has 
been based entirely upon photographs with iron are comparisons, taken with the 
concave grating of 10 feet radius. The new standard wave-leugths determined by 
Fasry and Buisson} were adopted for the iron lines, and as many as possible of these 
lines were included in each section of the spectrum measured, so as to furnish a check 
on the general accuracy of the work. In order to eliminate local systematic errors as” 
far as possible, each of the three flutings to which the catalogue refers was at least 
once completely measured with the same setting of the plate. 


* *Abh. K. Preuss. Akad. Wiss.,’ Berlin, 1889, 
+ ‘ Astrophys. Jour.,’ vol. 28, p. 195 (1908). 
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As the spectra were not normal, interpolations were made by equations of the 


form 
A = a+bs+es’, 


where \ and s refer to corresponding wave-lengths and micrometer-scale readings, and 
a, b, c are constants calculated from three of the standard lines. All the standard 
lines might be made to contribute to the adopted values of a, b, ¢ by the laborious 
method of least squares, but the gain was found to be scarcely appreciable in a case 
to which it was applied. 

The following example, taken from the measurements of a second-order photograph 
of the green fluting, will show the accuracy with which the dispersion of the grating 
over a moderate range may be represented by the above equation, It will also 
indicate the increased precision which is made possible by the new interference wave- 
lengths for the iron arc lines as compared with the use of RowLAnp’s values for the 
absorption lines of iron which occur in the Fraunhofer spectrum. 

Equation for FasBry and Buisson scale :— 


= 9260°520—2°67595s+ 0'000136s". 
Equation for Row.Lanp’s scale :— 


A = 5260°678—2°67544s+4+ 0°000132s". 


———— ee a - 


| dX (F. and B.). 











s in mm. | O-C d (R). | O-C. 
| | 
10°305 5232 -958* 000 5233°122* 000 
25-502 5192°362 — 004 5192°523 —012 
34°827 5167°492 +002 5167°678 +017 
56°257 5110°415 +005 5110°574 —010 * Used in 
66°435 5083°343* 000 5083 °518* 000 calculation of 
79°055 5049°827 + 004 | 5050°008 +012 constants. 
93 °287 5012°072 — 001 | 5012-252 +- 009 
97°132 5001-880 ~ 003 | 5002-044 | — 008 
110-645 4966-104* 000 | 4966 °270* 000 


—_—-- 





| 


An alternative method of reduction was employed in duplicating the work for the 


detection of numerical errors. 
of the spectrum were employed as standards for the calculation of linear equations, 
and from the values of O—C for the intermediate standards, curves of error were 
drawn, from which the corrections to normal were readily derived. 
additional checks were also made by simple linear interpolations between iron standards 
not more than 40 tenth-metres apart. 

In spite of every precaution, some of the grating photographs showed small 
displacements of the magnesium spectrum with reference to the iron comparison, 
probably arising from the effects of varying temperature during the longer exposures. 


In this case, the two extreme iron lines in each section 


Numerous 
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The magnitudes of these displacements were determined by reference to the ordinary 
lines of magnesium, and partly by comparison with wave-lengths derived from 
photographs of magnesium hydride taken with one pole of iron, and presumably 
showing no relative displacement. 

The stronger lines of the green fluting were measured on second-order photographs, 
and where the results from different plates were in sufficient accordance, the wave- 
lengths in the catalogue have been stated to seven figures. It is not claimed, however, 
that the third decimal is entitled to any great weight, but it has in some cases been 
found desirable to retain it in the discussion of series lines. 

The lines composing the blue group are, on the whole, much fainter than those of 
the one in the green, so that, although the stronger lines were measured on second- 
order plates, the accuracy is probably less than that for the green fluting, and the 
resulting wave-lengths are stated to six figures only. The fainter lines of the blue 
and green flutings, and the whole of the yellow-green, were determined from 
photographs of the first-order spectrum, but it is hoped that the errors will rarely 
exceed 0°02 or 0°03 tenth- metre, except possibly in the case of doubles which are 
barely resolved. 


Retention of RowLann’s Scale. 


As the immediate use of the magnesium hydride wave-lengths is for comparison 
with the sun-spot spectrum, it has been thought desirable to convert them from the 
scale of FABry and Buisson, on which they were computed, to that of Row Lanp. 
A very complete investigation of the relation between the two seales has been made 
by HartMann,* who has advocated the general adoption of a slightly modified 
Rowland scale, which would have the advantage of demanding only small changes in 
the existing tables of wave-lengths. After due consideration, however, it has been 
thought that immediate needs would be best met by expressing the magnesium 
hydride wave-lengths as nearly as possible on the Rowland scale now in use; that is, 
the scale of the “ Preliminary Table of Solar Spectrum Wave-lengths.” Comparison 
of Row1LaNnp’s solar wave-lengths with the new standards shows that this may be 
accomplished by adding 0°170 tenth-metre to the values on the Fabry and Buisson 
scale from 4370 to 5365, and 0°218 tenth-metre from 5365 to the head of the yellow- 
green band at 5621. The tabulated wave-lengths (in the catalogue at the end of 
this paper) have accordingly been expressed on this system, and may, therefore, be 
directly compared with RowLanp’s solar wave-lengths without introducing errors of 
inconvenient magnitude. At the same time the wave-lengths stated in this way 
retain some of the advantages resulting from the use of the new standards, and are 
directly available for investigations of the series relationships of the different lines, 
provided that 0°05 be subtracted from the tabulated wave-lengths on the less 
refrangible side of 5365 when connecting lines on the two sides of this position. 


* « Astrophys. Jour.,’ vol. 18, p. 167 (1903); * Physikalische Zeitschrift,’ 10. Jahrg., No. 4, p. 121 (1909). 
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Moreover, the wave-lengths may readily be reconverted to the Fabry and Buisson 
scale if so desired, 


The Intensity Scale. 


The intensities of the various lines have been roughly estimated on a scale of 10 
for the strongest lines, ranging down to 1 for the fainter of the well-marked lines. 
For the faintest lines 0, 00, and 000 have been employed, in accordance with the 
convenient system adopted by RowLanp; these are only visible on the plates which 
have received comparatively long exposures, and 000 is at the limit of visibility. 
Many of the lines are probably composite, so that a line of stated intensity may 
sometimes be made up of two or more lines of lower intensity. 


Serves Innes in the Green Fluting. 


A preliminary analysis of the wave-lengths has been made for the purpose of 
establishing series relationships between the lines of magnesium hydride, and thus 
obtaining a general check on the accuracy of the wave-length determinations. Some 
of the related lines were readily picked out by inspection, especially those proceeding 
from the first heads of the green and yellow-green flutings. Others were identified 
by their occurrence in pairs, and by the approximate constancy of the second 
differences between the wave-lengths of successive lines of the series. 

The more striking of the probable series occurring in the green fluting are indicated 
in the general wave-length table by the use of the letters a, 8, &., to mark the 
associated lines, They are also shown graphically in Plate 12B. The yellow-green 
fluting exhibits similar series, but the “stride” is considerably larger than in the 
series composing the fluting in the green. The blue group of flutings is extremely 
complicated, and no attempt has yet been made to resolve it into its component 
series, 

Many lines which were measured and tabulated as single lines appear to belong to 
two or more of the series, and it is, therefore, probable that such lines are very close 
doublets or triplets which could not be separated with the resolving power of the 
instrument employed. The same conclusion is also indicated by the greater intensities 
of these lines as compared with adjacent members of the component series. On 
account of this composite character of many of the lines, and partly for the lack of an 
exact formula to connect the lines belonging to a given series, the series inquiry does 
not furnish a complete test of the accuracy of the measurements. Nevertheless, 
there is sufficient evidence to indicate that the values tabulated cannot be greatly in 
error. 

The general structure of a series will be gathered from the following table, showing 
the first and second differences between the wave-lengths of the lines composing the 
a series :— 

VOL. CCIX.—A. 3 N 
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Xr. First differences. | Second differences. 
5211-115 
0*226 
10°889 258 
0: 484 
10°405F 166 
0-650 
09°755 240 
0-890 
O8* 865 214 
1-104 
O7°761 215 
1-319 
06°442 218 
1°537 
04°905 209 _t Probably a com- 
1-746 pound line, 
03-159 221 
1°967 
5201-192 216 
2+183 
5199-009 198 
2-381 
96°628 209 
92-590 
94°038 202 
9-792 
91°246 226 
3°018 
88: 228 216 
3° 234 
5184°994 


It will be seen that, apart from the influence of a probably compound line, the 
second differences are sensibly constant throughout the range of visibility of this 
short series. In the case of the longer series the second differences diminish in 
passing from the heads, and they are apt to be less regular in the more refrangible 
parts of the flutings because of the greater overlapping of different systems and the 
consequent uncertainty as to the wave-lengths of the components of the unresolved 
lines. 

Some of the formulz which have been suggested for the mathematical represen- 
tation of series have been tested on series identified in the green fluting. In place of 
the oscillation frequencies which should strictly have been employed, all the caleu- 
lations have been made in terms of wave-lengths, In short series the possible error 
introduced in this way is inappreciable, and some of the equations used are of the 
same form whether frequencies or wave-lengths are used. 

DESLANDRES’ simple formula 

Ln = a—bm’, 
where \ is the wave-length, a and b are constants, and m has integer values, is quite 
inadequate for the magnesium hydride series. 
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The modification employed by Hicas,* or its equivalent 
An = 4—-b(m+p/)’, 


where » is an additional constant, usually gives only small errors when applied to 
about a dozen lines, and may, therefore, be employed for the shorter series. By 
expanding this equation, it assumes the form used by Lesrert for the oxygen bands 


of the solar spectrum, namely, 
L,, = a—bm—em’, 


This is somewhat more convenient for purposes of calculation, and the following 
examples will indicate the accuracy with which it represents the four short series 
proceeding from the head of the green fluting. The magnitudes of O—C (observed 
minus computed values) are expressed in thousandths of a tenth-metre. 


a series: A,, = 5211°115—0°141m —0°1067m?, 

BB ,, = Xq = 5210°405—0°3673m—0°10603m?, 
y 45 Am = 5210°582—0°5435m—0'10094m?, 
S  ., Nw = 5209°940—0°4891m—0°11317m?. 


Ne  ———— = —_—— = - — - — - — 








O-C. 
m. Sr 
a. | p. y 5 
— pki aieaennaneictl at Sp ea) 
0 0* O*T 0* O*+ 
1 +22 + 8T + 27 +14 
2 - lf + 34 -18 —14 
3 +23 +33 + 3 =i eee 
4 +21 +33 0* - 8 | 
5 +18 + 28 -13 0* * Employed in determinations 
6 +14 + 20 — 20 - 9 of constants in equations, 
T + 5 0* - 8 - | 
8 + 1* + 6 O* +11 
—— _T Probably compound lines. 
i] —ll - | +57 O* 
10 - 26 + 1 + 155 
11 — 25 +13 
12 — 20 | + 7 
13 -—- 4 +19 
14 0 =~ 17 


15 4 1* 


Apart from the probably composite lines, the differences between the observed 
wave-lengths and those calculated from the formule, although small, are largely 
systematic and are apparently due chiefly to the impossibility of accurately repre- 


* ‘Roy. Soc. Proc.,’ vol. 54, p. 200 (1893). 
+ ‘ Astrophys. Jour.,’ vol. 20, p. 81 (1904). 
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senting the series by equations of so simple a type. The equation is especially 
unsuited to the y series, assuming that the last lines have been correctly assigned ; 
the second differences in this case vary rapidly towards the end, and only the first 
nine lines are reasonably represented by the equation, 

The long series marked € and ¢, which comprise many of the stronger lines of the 
green fluting, provide a better test of formule: which have been proposed, and it may 
be of interest to refer to some of the results obtained for the e series, which includes 
about forty lines extending over a region of about 160 tenth-metres. 

When calculated for the first thirteen lines of the e series, LesteR’s equation gives 
no error as great as 0°01 tenth-metre, but if eight additional lines are included, and 
the two extreme lines are used in the calculation of constants, the maximum errors 
exceed 0°1 tenth-metre, and the formula is clearly inapplicable to the whole series. 
Better results have been obtained by including another term in the equation, but an 
appreciable systematic error remains even if only lines between the first and twenty- 
second are employed in the determination of constants. If applied to the whole 
series, this extended form of LEsrEr’s equation gives systematic errors which reach a 
maximum of 0°15 tenth-metre. 

Another equation which has been tested on the ¢ series is that deduced by Haum* 
from one adapted to line series, namely, 


1 a 
h—ke (may 

where the constants \), #, 8 and p are caleulated from four ot the lines. This 
represents the first twenty-one lines with an accuracy nearly equal to that of the 
measurements, but considerable systematic errors remain when it is applied to the 
whole series. The true equation connecting the lines of a fluting series, therefore, 
remains to be discovered, and until some progress has been made in this direction, 
and still greater dispersion can be effectively employed, it does not seem worth while 
to pursue the matter further. 

The numerical results of the calculations for the e series, however, may be useful 
to those interested in this inquiry, and they are accordingly brought together in the 
appended table. Numbers below the horizontal lines are results of extrapolation. 


Comparison with the Sun-spot Spectrum. 


It is interesting to recall that the possible local occurrence of magnesium hydride in 
the sun was clearly recognised by Liverne and Dewar in their paper of 1880.T 
Referring to the head of the green fluting at 5210, they wrote: “ A line of the same 
wave-length has been seen by Youne in the chromosphere once. Its absence from 
the Fraunhofer lines leads to the inference that the temperature of the sun is too high 


* «Trans. Roy. Soc. Edin.,’ vol. 41, p. 551 (1905). 
+ ‘Roy. Soc. Proc.,’ vol. 30, p, 97 (1880), 
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CALCULATIONS of € Series, 
Am = 5183°364-1-°118m —0-08879m?2 
Am = 5183°364 - 1:14475m - 0°08617m? + 
Am = 5183°364—1°0941m —0-094296m2 +0:0002808m3 
Am = 5183°364 — 1°03835m — 0:1011146m?2 + 0°00047434m3 . 


LESTER’s formula 


l 10°7384 feth ae 
5186 642—A,, ~ (m+5°938) a heat 
HALM’s formula 
pattie to 2 ROMDBEE : Soy-on0n743 
5186°428—-A,,  (m+5°665) 


O —C (in thousandths of 1 tenth-metre). 

















d. 
2 | 3 | 4, 5 6 
ne, Te ed 
5183°364 | 0 o* o* o* o* o* o* 
A sl a a eo Ei | ~ 76 =s91 -4] 
s0°'764 | 2} - 9 |] + 34 | - 37 = | oe - 64 
79907 | 3) - 4 | + 53 - 34 — 145 — 25 = 73 
77°476 4); + 4 + 69 21 — 147 - 13 -— 69 
75°556 | 5| + 2 | + 70 = At = $48: :}. = 90 ~ 69 
73460 | 6 O* | + 66 ee is be = 3 ~ 63 
71:181t| 7} - 6 | + 538 o* | —123 o* | -58 
68-734 | 8| - 4 | + 43 | + 14 - 9 | + i ~ 41 
66°104 9 - 6 + 22 + 21 — 70 + 16 — 30 
63:300 | 10} - 5 O* | + 26 mat al ee oe ED 
60°324 | 11] + 3 ~ $1 + 31 —- 15:| + 26 -~ 
* 
57°163 | 12 ys — 55 + 21 0 at Oo" | # Lines used in eal- 
53-826 |13| + 2 | - 94 | +4 ert. ¢ Ts site 
50°335t$| 14| + 26 | -113 O* | + 25 o*| + 4 araet: 
46°689 | 15| + 73 -1146 | + 6 | +50 |} + 8 | +21 
42°868 | 16| +122 -121 = ££ | +o) +. 2 | 426 xo 
38-885t | 17 AIG | |i tes BS Porth hy BUF See wk SE 
34°755t | 18 — 84 =. + 76 + 7 +38 appeal 
30°436¢ | 19 eg | 5.96 + 49 =47 +13 Ree ee pail ra 
96-003 2) 4, 9* aif 2 + BT i a 424 than one series. 
* 
21°404 | 21 sis oie te id cal +1i § Adopted as € com- 
16-636+ | 22 ria, ele el ie ie’ he aa | la ees, soap nbdgenl 
11°793 | 23 + 60 | + 29 + 38 +19 nt dea sd ger 
06-759 | 24 + 86 o*| + 47 1 RR, 2) 9a cee 
5101-590t | 25 +196 _ 30 + 62 _ 90 culation, in place 
5096335 26 _ 16 + 6 of wave -length 
90 907 2 = ait _14 in general table. 
85°365 | 28 — 65 — 23 
79°700 | 29 ~ 83 — 34 
73-940 | 30 = a = 23 
68°066 | 31 — 69 ~ 18 
62°060 | 32 =.99 ~ 24 
56:000 | 33 - $l +18 
49-810¢ | 34 ae) g +33 
43°500 | 35 + 6 +28 
37-070 | 36 o* o* 
30°61 | 37 + 64 +31 
5024'03 | 38 +104 +33 


(5) 


(6). 
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(unless at special times and places)* for its production. If it be not due to a compound 
of magnesium with hydrogen, at any rate it occurs with special facility in the presence 
of hydrogen, and ought to occur in the sun if the temperature were not too high.” 

There is no evidence of the presence of the fluting as a whole in the chromospheric 
spectrum, and as the first head line at 5211°11 does not agree accurately with either 
of Youne’s lines near its position, it must be concluded that magnesium hydride does 
not appreciably contribute to the spectrum of the chromosphere. In the sun-spot 
spectrum, however, the green fluting of magnesium hydride is strongly marked, and 
at least the stronger components of the yellow-green and blue flutings are also easily 
traced in the Mount Wilson and Kodaikanal photographs. In the spot spectrum the 
lines are somewhat hazy, and belong to the class called “ band lines” or “ umbra lines” ; 
in the regions where they occur they appear to be the more conspicuous of the 
multitude of lines into which the dark background of the spot spectrum is resolved 
when high dispersion is employed.t 

Complete series of measurements of the band lines of the spot spectrum are not yet 
available. A few of them have been noted from visual observations by MAUNDER, 
MircHELL, and myself, and 127 were tabulated between 5212 and 5032 by HALE and 
ApAMs from the earlier photographs of the spot spectrum{ taken at Mount Wilson. 
Even the latter catalogue, however, is far from complete, although it contributed 
largely to the first identification of magnesium hydride in the spot spectrum. Under 
these circumstances, an exhaustive comparison of the two spectra cannot yet be given, 
and indeed such a comparison is more appropriate to a detailed discussion of the sun- 
spot spectrum than to the present paper. 

A convincing demonstration of the presence of magnesium hydride in spots, however, 
is afforded by the photographs reproduced in Plate 13, showing the spectra in the 
region 5212-5062. The photographs of the sun and sun-spot spectra were taken by 
Mr. EversHep at the Solar Observatory, Kodaikanal, India, and were kindly placed 
at my disposal by the Director, Mr. C. Micutz Smiru; the exposure given to the 
sun-spot was about six times as long as that for the sun. The magnesium hydride 
photograph was taken in the second order of the 10-feet concave grating, and is 
presented as a negative in order to represent an absorption spectrum. It will be seen 


that, apart from the interference caused by metallic lines, all the details of magnesium 


hydride are reproduced in the spot spectrum. 
Effective comparisons of the spot with the yellow-green and blue flutings cannot 


* The italics are mine.—A. F. 

+ Youne, ‘Amer. Jour. of Sci..’ 3rd series, vol. 26, p. 333 (1883). A useful summary of subsequent 
observations is given by HALE and Apams in ‘ Astrophys. Jour.,’ vol. 23, p. 30 (1906). 

t ‘Astrophys. Jour.,’ vol. 23, p. 36 (1906). 

§ Lines at 5169-96 and 5169-42 in the photograph of magnesium hydride, which do not appear in the 
spot spectrum, are “ghosts” of }; and b,, Certain other lines in this photograph, as 5197+57 and 5187-26, 
are relatively too strong in consequence of ghosts which are nearly coincident with them, 
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yet be given, but there is sufficient evidence that many of the band lines in these 
regions are certainly due to magnesium hydride. 

To determine exactly the amount of detail in the spot which is accounted for by 
magnesium hydride will necessarily involve a comparison of wave-length measurements. 
In this investigation, identity of numerical values must not in every case be expected, 
in consequence of the presence of so many other lines in the spot spectrum. Thus, 
the line 5186°59 is evidently combined in the spot with a titanium line at 5186°50, 
giving rise to an apparent discordance with the wave-length 5186°53 assigned to the 
spot line by Hate and Apams. Such combinations will likewise produce apparent 
small displacements of the metallic lines. It should be noted also that the apparent 
intensification of some of the metallic lines, as for example the faint iron line 517741, 
must be due, in part at least, to superposed lines of magnesium hydride, and similarly 
that in some cases the weakening of metallic lines may be obscured. Further, some 
of the magnesium hydride lines appear as mere fringes to comparatively strong metallic 
lines, and are likely to be overlooked if not specially sought. These are some of the 
points that must be taken into consideration when a minute comparison with the 
spot spectrum is undertaken. 

There is another feature of the spot spectrum which is to some extent explained by 
the identification of magnesium hydride, namely, the bright interruptions which occur 
in the dark background of the spot spectrum. YouNG observed that these inter- 
spaces, some of which are quite narrow and look like bright lines, were of the same 
order of brightness as the undimmed spectrum outside the spots, and the observation 
has been repeatedly confirmed by others. The account given by Hate, ADAms, and 
GALE,* from observations made in the 3rd and 4th orders of a Littrow grating 
spectroscope of 18 feet focal length, may be usefully quoted: ‘“ Although an immense 
number of fine lines can be seen in the spot spectrum, they nevertheless seem to lie 
on a continuous dark background, which we have not been able to resolve into lines. 
This background, however, is interrupted at certain points by lines or breaks, which 
seem to be nearly as bright as the spectrum of the adjacent photosphere. They do 
not appear to us like genuine bright lines, and we are unable to offer an adequate 
explanation of them, unless the dark background is resolvable.” 

As no wave-lengths were given by the Mount Wilson observers, it is not quite 
certain that the bright interruptions which they observed are identical with those 
seen in the Kodaikanal photograph of the spot spectrum shown in Plate 13, where the 
resolving power is not so great. The latter, however, represents very closely the 
appearance and positions of the bright spaces as observed with the Evershed solar 
spectroscope employed in my own observations of spots, which gives a purity of about 

25,000 near b, and a dispersion of 60° from A to H. The great majority of these, in 
the region about }, are coincident with clear spaces in the absorption of magnesium 
hydride (see p. 454), except, of course, that the latter are sometimes sub-divided, 
* « Astrophys. Jour.,’ vol. 24, p. 185 (1906). 
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narrowed, or nearly obliterated in the spot spectrum by superposed metallic lines. 
In the case of magnesium hydride, the gaps are not well displayed as such in the 
photograph reproduced in Plate 13, but they form a prominent feature in the photo- 
graph of the green fluting on Plate 12a, No. 3, which was given a relatively much longer 
exposure. Among the many gaps common to the two spectra are 5180°9, 5179°4, 
5177°2, and 51766. It follows, then, that such bright places in the spot spectrum 
cannot be bright lmes superposed on a truly continuous dark background, but simply 
represent wave-lengths for which magnesium hydride is most transparent. Further 
investigation is necessary to determine whether the possibly narrower gaps seen with 
the most powerful instruments are explained in the same manner. 

It may be remarked that magnesium hydride is not the only probable compound 
which is represented in the spot spectrum. Hate and ApaAms* have shown that the 
flutings which I identified in the Third-type stars and have attributed to titanium 
oxidet are a very prominent feature in the red region, and two additional flutings at 
6382 and 6389 have been traced to calcium hydride (or, at least, to calcium in the 
presence of hydrogen) by OLMsTED at the Mount Wilson laboratory.[ The discovery 
of these fluted spectra favours the view that spots are regions of local cooling, which 
was previously suggested by the behaviour of different classes of metallic lines.§ 

It is probable also that the combined absorption of the thousands of lines belonging 
to these spectra, extending as they do from the extreme red to the far ultra-violet, 
contributes materially to the darkness of sun-spots, and absorption corresponding to 
the ‘‘dark ground” occurring in negatives of these spectra will doubtless aid the 
process of darkening. It cannot be concluded, however, that the absorption of the 
substances now known to be present in spots is adequate to account entirely for the 
darkening, as the spot spectrum is darker than the photospheric spectrum in places 
where the known band spectra are feeble, as, for example, to the red side of the green 
fluting of magnesium hydride at 5211, and in the ultra-violet region. 

A further contribution to the darkness might be made by the scattering of the 
photospheric light in its passage through the vapours of the spot, or by reduced 
emission from the underlying photosphere. These, however, would seem to be 
inadmissible if the bright interruptions of the spot spectrum be really as bright as 
the corresponding places in the ordinary photospheric spectrum. In visual obser- 
vations the interruptions certainly appear to be of the same order of brightness as 
the adjacent photospheric spectrum, but it is difficult to allow for contrast effects, 
and I am glad to learn that this point is under investigation by photographic methods 
at Kodaikanal. 


* ¢* Astrophys. Jour.,’ vol. 25, p. 76 (1907). 

+ ‘Roy. Soc. Proc.,’ vol. 73, p. 219 (1904); vol. 79, p. 509 (1907). ‘Monthly Notices, R.A.S.,’ vol. 69, p. 508. 

¢ ‘ Astrophys. Jour.,’ vol. 27, p. 66 (1908). : 

§ Fow.er, ‘Trans. Internl. Union Sol. Res.,’ vol. 1, p. 228 (1906); Hate, ApAms, and GALE, 
‘ Astrophys. Jour.,’ vol. 24, p. 185 (1906). 
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Possible Indications of Magnesium Hydride in the Normal Solar Spectrum. 


According to the observations of Youne* and Dunir,t the “ band lines” of the 
sun-spot spectrum, many of which have now been shown to be due to magnesium 
hydride, would appear to be present as very faint lines in the normal solar spectrum. 
The same conclusion was also suggested by my own observations,{ which showed that 
bright interspaces in the spot spectrum sometimes occupied spaces between nebulous 
lines of low intensity tabulated by Row1anp, the lines themselves not being seen 
with the dispersion available. 

From observations made with the very powerful instruments at Princeton, however, 
W. M. MircHent was led to express doubts as to whether the greater part of the 
band lines are ordinarily exceedingly faint lines in the photospheric spectrum which 
are brought into prominence by the vapours in the spot, and was inclined to the 
opinion that the band lines are not present in the photospherie spectrum at all.§ In 
opposition to this, Hate and Apams|| found, from measurements of their large-scale 
photographs of the spot spectrum, that the wave-lengths of the band lines agreed 
very closely with the wave-lengths of very faint lines in Row1Lanp’s tables, and they 
regarded this as a proof that the substance producing the band lines contributes 
feebly to the ordinary solar spectrum. 

Nevertheless, a critical examination of the table given by HALE and ADAms, taking 
account of our present knowledge of the magnesium hydride spectrum, suggests that 
many of the supposed coincidences are purely accidental. The strongest lines of 
magnesium hydride, if present at all in the Fraunhofer spectrum, are only represented 
by lines of intensity 000 or 0000 in Rownanp’s tables, and it is accordingly very 
improbable that the fainter lines would reveal their presence in any photographs of 
the solar spectrum now available. Yet some of these faint magnesium hydride lines 
appear to be identical with band lines then supposed by HALE and Apbams to 
correspond with solar lines. 

The chief difficulty in arriving at a satisfactory conclusion on this point arises from 
the fact that there are so many lines in the magnesium hydride spectrum and in the 
solar spectrum that numerous chance coincidences might be expected even if there 
were no real relation between the two. The application of the theory of probabilities 
is somewhat uncertain, and an attempt has therefore been made to obtain further 
light on the subject by comparing the relative numbers of coincidences of strong and 
faint lines of magnesium hydride with the solar lines. ‘To allow for possible errors in 
the two sets of measurements, and for the fact that Row1nannb’s standards have not 


* « Amer. Jour. of Sci.,’ 3rd series, vol. 26, p. 333 (1883). 
+ ‘Recherches sur la Rotation du Soleil’ (Upsala, 1891). 
t ‘Monthly Notices,’ R.A.S., vol. 65, p. 516 (1905), 

§ ‘Astrophys, Jour.,’ vol. 22, p. 4 (1905). 

|| ‘Astrophys. Jour.,’ vol. 23, p. 34 (1906). 
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been employed in the case of the laboratory spectrum, lines have been considered 
coincident when they agreed within 0°033 of a tenth-metre. It will suffice to 
summarise the results of this comparison, which covers the region 5180°7 to 5090-2. 

In this region there are 55 lines of intensity 5 and upwards in the magnesium 
hydride spectrum ; 31 of these, or 56 per cent., agree within the specified limit with 
solar lines; 19, or about 35 per cent., do not agree within this limit; and 5 are 
certainly or possibly masked by metallic lines. 

In the same region there are also 55 magnesium hydride lines of intensity 0 and 
less, solar coincidences with which must be regarded as accidental. Of these, 22, or 
40 per cent., agree with solar lines within the limit stated; 31, or 56 per cent., do 
not agree ; and 2 are probably confused with metallic lines. ; 

The difference in the representation of the two groups of lines is perhaps sufficient 
to indicate that the stronger lines of magnesium hydride may be really present as 
very faint lines in the Fraunhofer spectrum, but the evidence is less convincing than 
might be desired, especially as some of the strongest magnesium hydride lines do not 
appear in ROWLAND’s catalogue. There is, however, some doubt as to the completeness 
of RowLanp’s record of the very faint lines,* and until this is removed no final 
conclusion can be reached, 

Another attempt to obtain evidence upon this point has been based upon the series 
lines to which reference has already been made. RowLanp’s relative wave-lengths 
might be expected to be sufficiently accurate to show nearly constant second differences 
for lines corresponding to a given series, if the supposed solar coincidences were really 
significant, but this test cannot be very effectively applied in consequence of the 
frequent interruption of the possible series by superposed metallic lines. In the case 
of the series, however, there are five consecutive lines which are free from this 
complication, details of which are given in the appended table :— 





i _ a ae 











Magnesium hydride. Sun. 
Se led Ae. Sa 
; ; First | Second . ' First Second 
\ and intensity. afer oak Eémancee, A and intensity. differences. Re nbncéa 
ee ee i og : A wees 
5170-766 (8) | 5170°767 (000) 
2°438 2-407 ‘ 
68°328 (8) ‘174 68°360 (O00Nd ?) ‘207 
2°612 2-614 
65°716 (8) ‘184 65-746 (0000) -230 
2°796 2°844 
62920 (8) -180 62-902 (0000) ‘112 
2-976 2°956 
59°944 (8) 59°946 (0000) 





* JEwELL, ‘Trans. Intern]. Union Sol. Res.,’ vol. 1, pp. 49, 50. 
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It will be seen that the solar wave-lengths do not show such uniform second 
differences as are given by the magnesium hydride lines. Various small corrections 
might be made to bring them into better accordance with the series law, but at least 
one of them must be of the order of 0°025 tenth-metre, which seems to be too great an 
error to be attributed to RowLANp’s relative wave-lengths in so small a region of the 
spectrum. ‘The series evidence, so far as it goes, is accordingly somewhat against the 
identification of solar lines with magnesium hydride. 

As a result of the whole investigation, it is only possible at present to say that a 
very small percentage, if any, of the faint lines of the normal solar spectrum are likely 
to be accounted for by magnesium hydride. 


¥ 
Summary. 


(1) No sufficient reason has been found for modifying Livernc and DEwar’'s 
conclusion that the spectrum under investigation is produced by the combination of 
magnesium with hydrogen, and the spectrum has accordingly been referred to 
throughout as that of magnesium hydride. 

(2) The magnesium hydride spectrum exhibits lines at very short intervals from 
the extreme red to 42300, and shows definite groups of flutings having their first 
head lines in the yellow-green at 5621°57, in the green at 5211°11, in the blue at 
4844°92, in the violet at 4371°8, and in the ultra-violet near 2430, 

(3) From photographs of the magnesium are in hydrogen, taken with a concave 
grating of 10 feet radius, the positions of close upon 2000 lines composing the three 
principal flutings have been determined. ‘The wave-lengths were derived from the 
‘nterference standards of Fasry and Bursson, but have been converted to Rowland’s 
scale to facilitate comparison with solar spectra, 

(4) Twelve of the series of lines which compose the green fluting have been traced, 
and it is shown that none of the formulee which have been proposed are sufliciently 
general in their application to represent all of these series within the limits of error of 
measurement. For the longer series the closest approximation is given by HALm's 
equation, | 

(5) The identification of magnesium hydride in the sun-spot spectrum has been 
fully confirmed, and is clearly demonstrated by photographs which are reproduced. 

(6) It is shown that many of the bright interruptions of the dark background of 
the spot spectrum are not bright lines, but merely clear interspaces between lines or 
groups of lines in the spectrum of magnesium hydride. | 

(7) The presence of the magnesium hydride flutings, together with flutings of 
titanium oxide and calcium hydride discovered at Mount Wilson, accords with the 
view that spots are regions of reduced temperature, and that their darkness 1s at least 
partly due to absorption. | 

(8) The investigation of the possible presence of lines of magnesium hydride in the 

3.0 2 
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ordinary solar spectrum is for several reasons inconclusive, but there is evidence that 
very few, if any, of the thousands of faint lines tabulated by Row1anp are to be 
accounted for by this substance. 


In concluding this paper, [ am anxious to express my indebtedness to those who 
have rendered assistance in a somewhat laborious investigation. Mr. H. Suaw, 
A.R.C.S., has made many of the calculations for checking my determinations of 
wave-lengths, and Mr. A. Eacur, B.Sc., has been especially helpful in the experi- 
mental part of the work, which he has carried out with great skill. Valuable 
assistance was also given by Mr. ‘I. Banrrenp in preparing the photographs for 
reproduction. 


Description of Table of Wave-lengths. 


The wave-lengths are expressed as nearly as possible on the scale of Row LAnp’s 
* Preliminary Table of Solar Spectrum Wave-lengths.” They may be reconverted 
to the “absolute” scale of Fasry and Buisson, on which they were originally 
calculated, by subtracting 0°22 from 5621 to 5365'1 inclusive, and 0°170 from 5365°1 
to 4371. 

In the column headed “ Int.” (intensity), the brightest lines are represented by 10 
and the fainter lines by numbers ranging down to 1, while the faintest lines, as in 
Row anp’s tables, are denoted by 0, 00, and 000. The letter “n,” following the 
intensity number, indicates that the line is unusually nebulous or diffuse, while “s” 
indicates that the line is of more than average sharpness; d ? indicates that the line 
is probably double, though not clearly measurable as such. Some of the lines marked 
‘“n”’ may possibly also be double. 

In the table referring to the green band, the letters «, 8, &c., indicate the lines 
which are probably associated in the respective series. 

It should be noted that some of the magnesium hydride lines may be masked by 
the ordinary are and spark lines of the metal magnesium which appear on the plates 
from which the wave-lengths were determined, namely: the are lines 5528°641, 
5183°791, 5172°856, 5167°497, 4703°177, 4571°275, and the enhanced Jine 4481°31. 


YELLOW-GREEN FLUTING. 


_—_—_—_——_-— 




















Xr. Int. Xr. Int. Xr. Int. Xr. Int. A. Int. 
5621°57 l 5618-69 l 5614°54 0 5604°73 1 5599-17 In 
91°99 1 18°23 00 13°66 1 04°14 1 98°76 On 
20°92 l 17°73 l 13°11 1 03°56 00 98°08 0 
20°54 2n 17°16 l 11°04 l 01°70 00 97°31 In 
20°38 0) 16°48 0 10°48 1 01-05 ] 97°01 In 
19-76 2d? 15°86 1 08:05 i 5600°50 1 96°44 2 
5619-25 0 5615°30 1 5607-48 l 5599-90 00 5595°33 1 
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Yellow-Green Fluting (continued). 


























Xr. Int. Xr. Int. Xr. Int, X. Int. Xr. Int. 
5594°50 In 5DD5°81 00 5520°77 1 5491°32 1 || 5460°95 00 
92-89 2 55°29 00 20°39 0 90°53 1 60°34 000 
92°59 0 54°34 1 90+ 32 2 89°34 00 59:41 In 
92°15 2 53°76 1 19°93 0 88°96 l 58-88 On 
92°05 0 53°28 00 18°98 1 88°63 0 | 58-23 On 
90°74 00 52°24 00 18°59 2 88°55 2 (| 57-98 0 
90-14 2 51-86 00 17°82 00 87°93 2 57°58 0 
89-53 2 51°32 2 17°17 0 | 87°55 2 57-22 00 
88°83 00 50-92 4 16°64 1 86°99 On 56°61 l 
87°77 1 50°42 00 16°23 2 86°52 On 56°32 l 
87°12 2 49-79 1 15°77 3 86°12 0 56°15 2 
86°55 2 49°06 1d2 15°40 00 85°78 1 55°85 0 
85°29 On 48°37 00 14°81 00 85°06 0 55-19 00 
83°75 2 47°53 1 14°31 Od 4 84°92 0 54°57 1 
83°22 2 47°16 0 13°52 00 84°41 Od? 54°36 2 
82°61 1 46°67 On 13-00 0 3°65 l 53-96 1 
82°05 1 46°38 On 12°80 0 83°31 00 53°22 00 
81°43 00 45°79 0 12°46 1 82°57 4 i 59°47 1 
80-70 00 45°43 2 12°02 00 82-21 2 52:07 2d) 
80-08 2 45°01 2 11°59 3 81°93 0 51-90 0 
79°56 2 44°86 0 11°37 2 | 80°24 0 51°38 00 
77°07 0 44°23 0 11°24 2 79°45 2 51-22 2 
76°49 00 43°76 2n 10°95 4 79-02 5d? 50°78 1 
76°05 2 43°05 0 10°46 00 78°42 0 50-58 0 
1b D7 2 42°93 1d? 09:70 ] - 78°06 0 49°74 1 
75°35 00 42°58 00 09°14 1 || 77°53 0) 49°27 1 
74°54 00 49°22 1 08-35 000 | 76:74 00 48°67 00 
73°73 1 41°45 2n 07:28 O | 75°97 l 48°17 1 
72°39 00 40°72 1 06°74 1 7556 1 47°59 4 
71°74 2 40°15 0 06°25 2 75:15 3 46°55 1 
71°25 3 39°86 000 06:01 00 74°65 l 46°14 1 
70°72 1 39°27 1 05:79 3 74°22 00 46°00 0 
68°32 2 38°81 4 04°57 00 72°79 00 45°53 ld? 
67°70 3 38°65 1 04°20 00 72-06 l 45°08 2 
67°13 3 38°12 2 04:03 3 71-50 1 44°94 0 
66°90 1 36°57 00 03°64 3 | 70-97 1 44°00 In 
66°65 2 35°74 3d? 02°70 000 70°68 l 42°98 l 
66°38 0 35°16 2 01-99 00 70°36 3 42°59 1 
65°72 In 34°24 000 01°53 00 69°75 0 4220 0 
65°06 In 33°83 Is 00°78 3 69-00 2 41°74 0 
64°43 00 33°28 1 5500°33 4 68°85 2 40°89 On 
64°13 1 32°79 1 5499-66 0 68°64 2 40°45 00 
63°61 1 32°44 4 99-28 00 68°35 00 39°97 0 
62°76 1 31°95 1 98°81 0 66°51 l 39°50 an 
62°17 4 30°30 00 98-11 000 66-00 1 39-09 5 
61-70 3 27°66 00 | 97:72 On 65°80 00 38°48 3 
61-08 00 26°70 On 97°40 In 65°14 On 38°12 2 
60°77 00 26°05 y) 97°00 On 64°87 On 37°37 00 
59°95 1 25°62 2 96°06 l 64°35 9 36°19 On 
59°42 1 25°00 2 95°67 4 64:08 ] 35°78 On 
58°48 00 24°49 2 95°15 0 63°75 1 35°30 On 
57-82 00 24°17 1 95-05 1 63°38 1 34°75 00n 
57°33 0 23°22 1 94°59 2 62°30 00 34°31 00n 
56°89 1 22°73 0 93°65 2 61°74 bd 2 33°21 3 
56°75 1 21°89 00 92+98 On 61°39 Sat 32°87 | 4d% 
5556 °43 3 5521-22 00 5492-70 l 5461°28 | 3 5432°29 00 
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Yellow-Green Fluting (continued), 














r Int rN Int rv Int A Int r Int 
5431°96 | Od? || 5401-65 0 5368°96 | 000 | 5335-05 0 5297 +46 00 
31°63 0 01°28 1 67°43 0 34°26 | 209 96°52 00 
31°05 Is | 01°12 D 66°85 0 32°86 0 95°27 00 
30°54 0 | 5400-53 0 66°36 00 | 32-44 00 94°74 0 
30°15 1 5399-62 0 65°92 1 | 31-78 | 00d? 93°98 00 
29-78 l 98°96 | O0n 65°65 0 | 31°25 0 93°34 | 00 
99 +39 1 98°54 0 65°29 Oo | 31-04 1 92°97 On 
98°82 0 98-04 1 65°17 0 30°59 00 92°26 0 
26°66 2 97°36 3 64°17 l 29°84 2 91°81 | 000 
26°22 1 97-02 1 63°71 9 29°31] 1 91°48 2s 
25-54 1 95°80 1 63°31 00 28°60 00 91-18 l 
24°98 0 || 95-36 On 62°92 1 98°37 00 90°06 | OOn 
24°61 0 | 95°16 00 62°47 0 27°72 00 | 89°59 | OOn 
24:07 | Od? | 94-08 | 2 61:96 | 0 95:41 | On 88-54 | 00n 
23°17 l 93°65 | 3 61°44 00 | 94°88 00 88:16 0 
| 22-78 1 93°53 | O 60°89 0 | 2440 On || 86°80 | O0n 
22°15 1 93:05 | 0 60°37 In | 24°04 In | 86°02 | O0n 
91°55 3 92°62 | 00 57°95 0 23°62 0 || 84:96 | 00n 
21°40 3 91°59 | 1 57°64 00 91°97 O | 84:17 0 
21°16 Is 91°21 | Ind? 57 * 36 0 21°33 2 | 83:70 00 
20°90 | Os 91:07 | 00 || 56-71 | On 20°81 | 0 | 83-27 | 00 
9) +23 00 90°40 00 | 55°61 D 20°35 1 || 82-88 1 
19°53 1 89°78 1 || 55°06 1 19-60 00 | 82-51 00 
19°36 1 89°31 9 | 54°67 1 18:82 | 000 || 81°43 00 
19°14 0 88°84 In || 54:27 0 16°51 On | 80-91 1 
18-48 00 88°73 00 | 54:05 1 16°15 On 80°52 0 
17°45 0 87°80 In 53°72 0 15°62 00 80:05 | 000 
17°28 0 87°28 0 53°48 0 | 15°03 00 79°85 0 
16°85 | Od? 85°58 00 53°18 Oo | 14:11 00 79°35 00 
16°42 1 85°05 0 50°65 00 | 12°79 2 78°68 On 
15°96 00 84°78 1 50-00 0 | 13°30 1 17°87 00 
15°12 0 84°37 2s 49°41 1 12°63 00 77-00 On 
13°46 00 83°96 1 49-00 00 11°38 00 74°41 00 
12°97 1 83°42 0 || 48-50 1 | 11°01 00 73°40 0 
12°57 | 5d? || 83-00 0 | 47-78 00 | 10-70 0 73-00 0 
12-19 3 || 82°36 0 | 46°79 0 | 10713 | 00n 72°36 0 
11:71 | 00 | 81-64 0 46°38 29 | 09°58 | 000 71:91 | 00 
11-00 In | 80-99 0 | 45°66 In O8+75 1 71°05 l 
10°24 On | 80°56 I 44°48 In 08°50 1 69°71 0 
09°95 On | 79°86 00 44°02 2 08°15 00 69-40 1 
09°57 1 78-70 00 43°50 1 07°48 On 68°84 00 
09-14 2 78°06 1 42°93 1 06°76 On 67°84 00 
08-66 l 17°65 00 42°70 1 06°18 00 67°43 0 
08-05 | 000 76°72 3 42-30 1 05°50 00 66°93 00 
07°45 00 76°31 3 41°20 Is 05-21 00 66°17 | 000 
07-09 1 74°73 0 40°72 | 000 04°75 00 64:44 | 000 
06°64 00 74°51 0 40°31 00 03°87 00 64°33 0 
06°47 1 74:10 3 39°52 On 02°94 00 62°59 0 
05-54 00 | 73°39 | 000 39°16 On 02°48 00 61°87 00 
05°17 9 72°27 1 38°43 In 01°62 0 58°15 0 
04°75 1 | 71:90 0 38°07 0 | 01°17 00 57°76 0 
04°25 0 | 71-27 1 37°70 Is | 00-47 On 57°01 | O0On 
03°58 | 3d? 70°43 1 37°27 00 | 5300-22 On 56°65 | OOn 
03°14 2 | 69-92 1 36°80 00 | 5299-56 00 55°96 0 
02°44 On | 69°81 1 36°34 On 99-00 oO «| 55°50 00 
5401-98 0 | 5369-25 0 5335-60 00 || 5298-08 00 | 5254-79 09 
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Yellow-Green Fluting (continued). 
Int. r, Int. r. Int. Xr, Int. Xr. Int. 
| ~ 
00 | 5244-69 OO 5233°19 In 5223°43 In 5214-86 00 
00 44°00 00 31°54 ft) 22°66 OO | 14°31 O00 
00 42-08 On 30°35 0 21°23 000 | 13°74 0 
0 41°62 00 29°59 Q 19°51 On | 13°20 000 
00 41-08 00 28°41 0 18:82 OO 12°98 1 
ls 40°35 0 27°34 00 18°33 1 5212°75 OO 
In || 39°65 0 26°82 Os 17°30 | 000 | 
0On | 37°63 On 26°17 00s 16°74 000 | 
00 | 36°04 | 00n 25°62 00 16°29 00 
ls 5235-07 00 5224°77 000 5215-85 On | 
GREEN FLUTING. 
Int. | Series. r. Int. | Series. Xr. Int. | Series. | Xr. Int. | Series. 
ae S| Eee | ‘ | = | 
5 a 5199-774 4 Y 5182-149 4 € 5172-312 | 0 
5 a 99-009 3 a || 81°909 2 | “2°:079 | 3 
5 y 98°795 1 n) 81°687 2 71°715 | l 
7 af 98510 | 3 B 81:430 | 3 ¢ 71‘181 9 ¢ 
6 ys || 97-571 | 4t | 81:°360 | 3t 70°766 | 8t ¢ 
4 a 96°628 3 a 81-062 l 70°269 | In 
3 8 96°371 | 0 § | 80°764| 7 « || 69-635 | In 
3 p 96°130 3 Bp 80°540 lf | 68° 734 8 € 
2 y 95°208 | 3 y 80-162 | 7 ¢ ||. 68-328] 8 ¢ 
3 a 94-038 3 a | 79°937 00 68°O11 l 
3 6 93°548 3 Bp | 79°718 On 67°22 l 
3 B 92°771| 2 | y? || 79°577 | On 66°104 | 8 P 
3 y 92°04 | 00On | 79°207) 7 : 65°716 | & ¢ 
3 a 91 +246 3 a 78°920 0 65°39 00 
3 ) 90-736 3 B 78°653 7 ¢ 65-08 0 
3 B 90°403 1 y1 78°364 0 63°792 3 
3 y 89°51 On 78°221 0 63°300 8 € 
3 a 89°17 0On | 78:00 00 62°920 8 ¢ 
9 5 88-228 3 a || 77°762 1 62°01 O00 
3 B 87°730 | 2 B || 77:476| 8 « || 61-65 | 0 
4 y 87°258 | 3t 76°975 | 8 ¢ || 61-20 | Oo 
3 a 86°587 3T 76°298 3T | 60°324 8 € 
2 6 85°914 | 4 75°98 thar | 59-944] 8 ¢ 
3 B 85°582 | 00 75°91 |1 | 59:431| 3 
3 y 85196 | 5 et || 75-556] 8 « || 58-781] 3 
3 a 84°994 2 a 75°371 | 00 | 58°485 1 
9 é 84°480 l B 75:087 8 ¢ || 57°751 3 
3 B 84°325 | 5 <f 74:817| 1 57°163| 8 P 
4 Y 83° 364 4 € 74°617 2 56*806 8 ¢ 
3 a 82°948 00 74°166 1 56°492 1 
1 6 82°532 3 73°460 8 € 56°22 00 
3 B \5182°463] 3 51(73-020)| (8)* | ¢ |[5155-910| 4 


* Masked by the magnesium line b2, but interpolated from series relation. 


+ The intensities of these lines are slightly increased by “ ghosts” of the 0 lines. 
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Green Fluting (continued). 


























A. Int. | Series. | Xr, Int. | Series. Xr. Int. | Series. Xr. Int. | Series. 
. 
| | | 
5155-60 0 |5134°390 | 5 € 5116-162 | 2 5093°759 | 2 o 
55319 | 2 33°747 | 3 k 15:204 |) 1 | 92°750| 3 
55-048 | 2 33°353 | 4 p || 14°740] 8 p || 92°810| 8 
54°879 | 4n xk || 33°018 2 p || 14°208 4 g || 91-840 3 kK 
54684 | 1 32°69 | 00 | 18°747 | 1 91-479 | 3 yu 
54°365 | 3 32°330 | 2 os || 13-317] 4 n || 90-907 | 4 p 
54:984 | 3 32°007 | 1 | 18°140| 2 x || 90°549| 4 
54-009 | 2 p 31°82 0 12°832 | 5 yO |; 90°21 | 00 
53°826 | Tt e || 31°385] 1 12°330| 1 89-98 0 
53°470 | 7 fx || 31°136| 1 11°793 | 5 € 89-66 | 00 
53-14 | 00 30°707 | 3 k 11°462 | 5 le 89°383 | 4 1 
52°786 | 3 pe 30°436 | 6 e« || 11°176) 2 88894 | 5 v 
52°37 0 30°323 | 2 p 09803 | 2 p 88-80 3 p 
52°043 | 2 | 30:073 | 5 én 09°228 | 4d? | xo 88°33 1 o 
517964 | 2 ce || 29°999| 1 08-830 | 4 pe 87:97 | On 
51°62 | 00 29°68 | 00 08°433 | 2 | 87:41 | 00 
51°355 | 3 bn 29°495 | 4 6 08:23 | 00 | 87-18 3 k 
50:909 | 1 29-257 | 0 07°527 | 5 » || 86°84 3 pe 
50°309 | 10 €K 29-065 | 0 07°041 | 3 ( 86°05 1 
49°976 | 4 ¢ 28°77 0 06°759 | 3 ¢ 85°57 0 
49-688 | 5n it 28°646 | In p 06°422 | 3 ¢ 85°365 | 3 P 
48-927 | 1d? 28°280 | 1 | 05°899 | 2 | 85:03 2 ¢ 
48-433 | 3 k 28°040 | 1 ir 05-52 I 84°83 2 
47°995 | 3 yp 27°78 | 00 05:050 | 3 x. || 84°10 0 
47-638 | 1 27°512 | 3 Kk 04°720| 4 up 83:40 0 
47°09 | 2n 27120 | 5 bn 04°250| 2 o 83-140 | 5 np 
46-689 | 7 é 26°81 0 03°98 0 82°682 | 5 Hor 
46°359 | 7 tx 26°36 | In 03°56 0 82°37 2 k 
45°938 | 3 it 26:003 | 4 ¢ 03°36 0 82-02 2 le 
45°52 | 00 25°664 | 5 ¢ || 02°836| 3 81°54 0 
45°368 | 5 25°32 | 000 02°456 | 2 81-26 3 
45°14 | 00 25°20 | 000 02-13 0 80°89 3 
44°840 | 4 24°738 | 1 01°84 0 80°34 0 
44°196 | 6 k 24-547 | 2 » 01:°590 | 7 en 80°06 | 00 
43:780 | 4 p 24°26 | 00 01:240| 4 ¢ 79700 | 3 é 
43°31 | 00 24-135 | 9 | «Op || 01°126| 3 é 79390 | 3 ¢ 
42°868 | 7 c 93°790 | 2 ye 00°800 | 2 k 79-02 1 
42°511 | 6 ¢ 23°560 | 2 o |5100°433} 2 p. 78°21 0 
41°862 | 4 P 22°965 | 3 5099°99 0 77°95 | 00 
41°438 | 4 nm 22°436 | 3 99°72 | 00 77°50 3 Kp 
41°22 0 22°03 | 00 99°576 | 3 p 77-091 | 4 | po 
40-376 | 5 21°57 | 00 99204 | 2 76°755 | 4 ” 
39°874 | 4 21-404 | 4 ¢ 99-06 2 o 76°295 | 4 0 
39°316 | 4 Kk 21°046 | 5 ¢ 98°39 1 76-09 0 
38°885 | 8 Ep 20°644 | 3 K 97°99 0 75°54 1 
38°537 | 6 ¢ 20:277 | 3 ye 97°05 1 75°15 0 
38°19 | 00 19°92 0 96°335 | 7 eK 74:20 | 00 
37°64 | 00 19°515 | 2 p 95:990) 5 fu 73°940 | 3d% |] « 
37°193 | 3n 18:975 | 8 yo 95°548 | 3 ” 73°597 | 2 ¢ 
36°615 | 5 k 18:510| 6 f 95°32 0 73°35 | 00 
36°213 | 5 be 17°65 0 95°069 | 4 72:99 | In 
35°86 | 00 16°963 | 3 K 94°78 0 72°58 | In 
35°255 | 5 16°636 | 7 ep 94°51 0 72°41 In kK 
5134-755 | 9 « |\5116°327| 3 ¢ |\5094°207 | 2 p |\5072-01 2 ps 


+ The intensities of these lines are slightly increased by “ghosts” of the d lines. 
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Green Fluting (continued). 


> Int. | Series. a 
| 
5071°76 2 p |5048-00 
71°31 2 co || 47°60 
71-08 0 «47-19 
70°60 1 46°94 
70°28 3 0 46°49 
69°81 3 6 || 46°17 
69°27 1 | 45°72 
68-60 l | 45°36 
68-18 1 | 44-99 
68:066 | 2 € 44°58 
67°713 | 1 ¢ 44°32 
67°21 In k 44°00 
66°86 In le 43°500 
66°13 00 43°052 
65°88 3 p || 42°14 
65°44 "ie r 41°69 
65°00 0 41°34 
64°50 0 40°94 
64°01 1 40°53 
63°697 | 3 ” 40°34 
63°255 | 2 u 39-98 
62°63 00 39°63 
62°39 1 39°31 
62°06 1 € 38°89 
61°94 2 k 38°47 
61°66 In tu 37°62 
60°63 l 37°07 
60°19 1 36°67 
59-870 | 2 p 36°61 
59°436 | 3 os 36°15 
59-10 1 35°86 
58°71 0 35°45 
58-44 0 35°07 
58-13 0 34°70 
57°80 00 34°43 
57°41 00 33°77 
57060 | 4 ” 33°62 
56-580 | 4 0 33°43 
56°16 1 32°97 
56°00 l € 32°46 
55 +60 1 ¢ 32°16 
55-24 0 31°68 
54°81 ln 31°38 
54°48 l 31°02 
54°15 0 30°61 
53°79 2 p 30°25 
53°36 2 o 29-65 
53°20 0 99°17 
52°60 00 28°54 
52°03 00 28°13 
50:92 1 27°85 
50°66 l 27°51 
50°320 3 DT 27°28 
49-810 | 5d? | «A 26°92 
49°419 | 2 ¢ 26°53 
5048-81 00 \5026°12 
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DESCRIPTION OF PLATES. 


General Note. 


In the process of enlargement a cylindrical lens has been used to broaden the 
spectra and smooth out irregularities produced by the grain of the gelatine films, 
Spurious lines due to grain have been introduced in this way, but they are probably 
too faint to appear in the reproductions. In case of doubt, comparison with the wave- 
length catalogue may be made. 


PLATE 12. 


A.—The first strip shows the three principal flutings of magnesium hydride, as photo- 
graphed with the small Littrow spectrograph, and indicates their relative 
intensities more correctly than the other photographs, which have been 
copied in sections. The remaining strips give a general map of the spectrum 
from 5622 to 4600, as photographed in the first order of the 10-feet concave 
grating. 


B.—The photographs show the brighter parts of the green fluting, as photographed 
with the concave grating in the second order. The principal series of lines 
which compose the fluting are also indicated. 


PLATE 13. 


Photographs demonstrating the presence of magnesium hydride in sun-spots. The 
photographs of the sun and sun-spot spectra were taken by Mr. EvERsHED 
at Kodaikanal (the exposure for the sun-spot was about six times that for 
the solar spectrum). 


The lines marked with dots in Plates 12B, and 13 are “ ghosts.” Other lines affected 
by ghosts of the b group are indicated in the catalogue. 
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VI. Bakertan Lecrure.—sSeries Lines in Spark Spectra. 


By A. Fowuer, F.RS., Assistant Professor of Physics, wae College, 
South Kensington. 


MS. received April 20,—Lecture delivered April 2, 1914. 
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$1. Introductory. 


THE classical work of RypBEeRG, and that of Kayser and Runer, dealt mainly with 
series lines in spectra which are developed in the flame or electric arc, or in vacuum 
tubes with discharges of moderate intensity. The lines to be discussed in the present 
communication are some of those which belong to the class of enhanced lines as defined 
by Lockyer ; that is, they are relatively intensified in passing from are to spark 
conditions. 

In considering these lines it is necessary to take account of the fact that their 
behaviour in the arc is different for different elements. At least three classes may be 
recognised :—(I.) Enhanced lines like the H and K lines of calcium, which are well 
developed in the ordinary arc ; (II.) Lines which only appear with small intensities in 
the are, such as the enhanced lines of iron; (III.) Lines which do not appear in the 
ordinary are (except very locally near the poles), but are strongly developed under 
spark conditions, as in the case of the well-known magnesium line at \ 4481. 

Until very recently the only evidence that enhanced lines may belong to series was 
that afforded by RuncE and PascHeEn’s observations of the spectra of magnesium, 
calcium, strontium, barium, and radium, under the influence of a magnetic field. In 
the case of each of these elements, three pairs of lines of Class I. were observed, and 
though no series formule could be calculated for them, the magnetic resolutions 
proved that one pair belonged to the Principal series, another to the Sharp, and the 
third to the Diffuse series. Further discussion of these series has become possible 
through the valuable work of LymANn in the Schumann region, published in 1912. 

The present investigation was undertaken in connection with the new series of lines 
which were produced in 1912 by passing strong condensed discharges through helium 
tubes containing hydrogen as an impurity.* These lines, of which the strongest is at 
\ 4686, are of considerable importance in celestial spectroscopy because of their 
occurrence in the spectra of some of the nebule, and in stars which are generally 
regarded as representing the earliest stages of stellar condensation. One of the series, 
only feebly visible, was in apparent agreement with a series of lines first observed in 
¢ Puppis by PickeRING, and attributed to hydrogen because of their simple relation to 
the Balmer hydrogen series, The other was a strong series, which included the lines 
assigned by RypBere to the Principal series of hydrogen from analogy with the spectra 
of the alkali metals. In addition to the RyppBere lines, however, the “‘ 4686” series 
included intermediate lines, which the then recognised formule suggested was a second 
Principal series related in asimple manner to the first. As the new lines could not be 
obtained from hydrogen alone, and in consideration of the occurrence of lines not 
anticipated by RypBereG, it was soon felt that further inquiry should be made as to 
the value of the numerical evidence on which their assignment to hydrogen was chiefly 


* ‘Monthly Notices, R.A.S.,’ vol, 73, p. 62 (December, 1912). 
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founded. A search for other series of similar character was therefore undertaken, in 
the hope that some generalisation with regard to such series might be arrived at. 

The mode of production of the “4686” lines suggested spark spectra as the most 
promising source of such series, and, shortly afterwards, experiments on magnesium 
yielded some new lines of that element which were obviously associated with the spark 
line 4481 in series of the kind looked for. No satisfactory evidence of relation to other 
series of magnesium lines, however, was then obtained, and it seemed possible that 
both the “4686” and the “4481” series were of a new type, having no necessarily 
simple relation to other known series in the respective spectra.* 

The lines of the ‘‘ 4686” and the associated Pickering series have since become of 
increased importance, in connection with theories of the constitution of the atom, 
through the theoretical investigations of Dr. Bour.+ Beginning with the “Rutherford” 
model of the atom, and introducing PLANCK’s quantum, Dr. Bonr has derived a formula 
for the hydrogen spectrum which excludes these lines, while agreeing closely with the 
hydrogen series about which there can be no doubt. The “4686” and Pickering 
series, however, are included in another formula, derived for the emission of helium 
atoms during the first stage of their reformation when both electrons are supposed to 
have been removed by the strong discharges employed. This formula is identical, in 
a first approximation, with that for hydrogen except that the Rydberg constant 
“N” (= 109,675 for Row1ann’s scale) has four times its ordinary value. The two 
‘* Principal” series previously assigned to hydrogen were thus united in a single 
formula and attributed to helium, while the Pickering series was made to include 
intermediate lines coincident with the Balmer series of hydrogen. As the lines in 
question, whatever their origin, must be regarded as enhanced lines, it was evidently 
desirable to continue the general investigation of lines of this class. 

Further investigation of magnesium, in particular, was also suggested by the 
discovery made by Pascuen,{ and by Krva,§ that the line 4481 is a close doublet 
(dA = about 0°2 A.U.), as it appeared that a valuable indication of the type of series 
to which it belongs might be obtained if other members could be resolved. Photo- 
graphs with high dispersion have accordingly been taken for the resolution of the lines 
and to provide more accurate data for testing the formula for enhanced lines which 
was suggested by the work of Bonr. Other photographs, taken with smaller 
dispersion, have resulted in the detection of additional lines which clearly belong to 

series related to that beginning with 4481. The discussion of the new data for mag- 
nesium, and of the data for calcium and strontium given by other observers, has led 
to some conclusions which are probably of general application to enhanced line series. 

The chief results of the investigation are summarised in § 14. 


* ‘Roy. Soc. Proc.,’ A, 1913, vol. 89, p. 133. 

+ ‘Phil. Mag.,’ vol. 26, p. 1 and p. 476 (1913). 

t Communicated privately (1913, August). 

§ ‘Astrophys. Jour.,’ vol. 38, p. 327 (1913). 
2G 2 
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§2. Wave-lengths of the “4481” Series of Magnesium. 


The members of the “4481” series are essentially spark, or enhanced lines, but 
they are most conveniently produced in an are between magnesium poles im vacuo, 
and are best observed in the blue green patch in the region of the negative pole, 
viewed end-on. Under these conditions they are obtained as very narrow lines, well 
adapted for accurate measurement. The new determinations of wave-lengths have 
been based as far as possible on the interferometer values for the lines of iron, or upon 
grating determinations depending upon such standards, among which those given by 
Dr. Kervin Burns* have been especially useful. 

The Line 4481.—Previous photographs taken in the 1st order of a concave grating 
of 10 feet radius gave no indication of the resolution of 4481, but photographs recently 
obtained in the 3rd and 4th orders show it to consist of two clearly separated lines 
(Plate 3, fig. 6), of which the more refrangible is the stronger, as stated by Kuna. 
The lines have no close resemblance to the side components of a reversed line, as the 
space between them is considerably greater than the thickness of either of them, and, 
as pointed out by KineG, the measured separation is the same in photographs taken 
with different lengths of exposure, and in different orders of the grating. Iron are 
comparisons were exposed both before and after the magnesium, and the plates were 
measured in the usual way with red right and red left. The mean results from 
numerous measurements are :— 


International scale. Rowland scale. bX, 
4481°327 4481°495 
0°198 
4481°129 4481°297 


Dr. Krn@’s values for the two components on RowLaANn’s scale are 4481°499+0°001 
and 4481°284+0°001 (dA = 0°215), but from the reproductions given in his paper, the 
lines do not appear to have been as narrow as those from which the above results 
were obtained. 

| Note—The new measurements of \ 4481 asa doublet permits of a more satisfactory 
conclusion as to its presence among the Fraunhofer lines than has hitherto been 
possible. RowLAND tabulates two lines, each of intensity “0” at 4481°298 and 
4481°515, with an intermediate titanium line (intensity 1) at 4481°438. The agreement 
for the stronger component, which 1s a very distinct line in RowLanp’s map, may be 
considered exact, but the discordance on the less refr angible line exceeds the probable 
error of measurement, and the intensity is also a little too high in the sun. It may 
be, however, that both these discordances are caused by a still fainter solar line which 
is nearly superposed on that of magnesium, since such lines are very numerous. The ~ 
presence of Mg 4481 as faint lines in the solar spectrum may therefore be considered 

* ‘Zeitsch. f, Wiss. Photog.,’ 1913, XII. 6, p. 219; ‘Lick Obs. Bull.,’ vol. VIIL, No. 247 (1913). 
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very probable, indicating a condition somewhat more advanced than the ordinary are, 
in the direction of the spark. | 

The Line 3104.—This line was easily resolved in the 4th order of the grating 
(Plate 8, fig. 7), and has two components exactly resembling those of 4481, but 
separated by less than one-tenth of an Angstrom unit. The iron are comparison was 
photographed through a glycerine solution of para-nitroso-dimethyl-aniline contained 
in a quartz cell, as recommended by Prof. R. W. Woop.* This solution absorbs the 
superposed 3rd order spectrum, but transmits the 4th order lines with reference to 
which the magnesium lines were measured, The mean results from three excellent 
plates with five comparison spectra are as follows :— 


International scale. Rowland scale. dA, 
3104°805 3104°929 
0°092 
3104°713 3104°837 


The Iane 2661.—On the assumption of a constant wave-number interval between 
the components of the resolved lines, the separation at 2661 would be about 0°07 A.U. 
which is very near the limit of resolution of the grating. Hence with the exposures 
of 3 to 5 hours required in the 3rd and 4th orders, a very slight unsteadiness of 
conditions, such as might arise from small variations of temperature, would tend to 
mask any resolution which might otherwise be effected. Many 8rd order plates 
were taken, all of which show the line broadened, but only one suggests resolution, 
and on none of the 4th order plates was this result improved upon. Measurements 
of the best 3rd order plate gave the following wave-lengths :— 


International scale. Rowland scale. dA. 
2660°821 2660°909 
0°066 
2660°755 2660°843 


These values are in good accordance with the mean of several determinations from 
Ist order plates, namely, 2660°785 (L.A.), 2660°873 (R). 

The Remaining Lines.—lt has not been found possible to photograph beyond the first 
three lines in the higher orders of the grating, but the wave-lengths of the next two, 
2449 and 2329, have been checked by a photograph in the first order, giving a 
dispersion of 5°5 A.U. per mm, Wave-lengths of iron lines given by Burns were 
used for the line 2449, but were not available for 2329. The lines 2253, 2202, 2166 
do not appear on any of the grating photographs, but are well shown on the original 
plates taken with a quartz spectrograph, giving an average dispersion in this region 
of about 6 A.U. per mm. Further measurements have been made, but in the absence 
of better standards it has not been found necessary to modify the values given in the 

* «Phil. Mag.,’ Series 6, vol, 6, p. 257 (1903), 
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previous paper. The reference spectrum for these lines was the copper arc, as given 
by Kayser and Runae, and the lines are subject to an uncertainty of about 0°05 A.U, 
in absolute value. 

All the necessary details with regard to the “4481” series are brought together in 
Table I., the corrections to vacuum having been made from KAysEr’s table.* 


Taste I.—The “4481” Series of Magnesium. 





1 Estimated a Estimated 
wave-length limit . dA wave-number limit : bn Remarks. 
9 of error in $3 of error in 
(I.A.). d. (in vacuo). i 
| 
4481°327 0005 22,308 °68 0°025 From 3rd and 4th order plates. 
0-198 0°99 
4481°129 0-005 9°67 0°025 
3104°805 0°005 32,198-99 0°05 From 4th order plates. 
0-092 0°94 
3104°713 0°005 9°93 0°05 
2660°821 0-01 37,571°43 | » O-l4 From 3rd order plate. 
0-066 0°94 | 
2660°755 0°01 2°37 0-14 ) 
2449°573 0:01 40,811°31 0°17 
| From lst order plate. 
2329°58 0°02 | 42,913°30 0-4 
| 
| 
2253°87 0°05 44,354°65 1-0 | 
2202°68 0°05 45,385 °36 1-0 } From quartz spectrograph. 
| 
2166-28 0-05 46,147°86 | 1:1 | 





I 


From the separations of the three lines which have been resolved, it appears at once 
that the interval between the components, in wave-numbers, is sensibly constant, and 
that the series is therefore not of the ordinary Principal type. In a Principal series 
having a separation of 0°99 for the first member at 4481, the interval at 3104 would 
be reduced to 0°64, and at 2660 to 0°44, but there is no evidence of such contraction. 


$3. Formula for the Mg “4481” Series. 


The application to these lines of the ordinary formule of RypBere, Rirz, or Hicks, 
requires the division of the lines into two series by taking alternate lines, the two 


* ‘Handbuch der Spectroscopie,’ Band IL., p. 514. 
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series thus resembling the Diffuse and Sharp series which occur in the spectra of 
other elements. Two such series can only be included in a single formula in the 
special case when the fractional terms associated with the parameter m differ by 
exactly 0°5, the Rydberg constant N being then replaced by 4N, if m takes successive 
integral values. In the general case, an objection to this combination would be the 
smaller intensities of the lines of the Sharp as compared with those of the Diffuse 
series, ‘The intensities of the “4481” lines, however, are graded as in an ordinary 
series, and the chief objection to uniting them in a single formula in the first 
discussion was the undesirability of introducing a new type of series formula for 
what seemed to be a special case, so long as the older formule could be employed. 
This objection is no longer valid, because, as will appear later, several other series of 
the same type, occurring in associated groups, have since been recognised. 

From the formulze previously given for the two divisions of the “ 4481” lines, it was 
evident that all the lines could be combined, at least very nearly, in one equation if 
desired. There were, however, small deviations, apparently systematic, which 
suggested that the union was not quite exact, but these have been removed by the 
new measurements, which became necessary when 1t appeared that the lines were 
doublets. It can no longer be doubted that the lines form a single series, differing 
from the more familiar series in that the lines occur twice as frequently ; 7.e., if the 
ordinary formule involving the Rydberg constant N be employed, we find lines 
corresponding not only to the integral values m, but also to m+%. It will, 
however, be more convenient to employ formule in which m takes successive 
integral values only, N being then replaced by 4N or by a number of that order of 
magnitude. 

As the positions of the lines have been determined with considerable precision, and 
the lines are fairly numerous, it seemed desirable to compare the accuracy of a variety 
of formulze, some with N assumed the same as for hydrogen, and others with this term 
calculated from the lines themselves. The fact that not all the lines have been 
resolved, and the slight uncertainty as to the absolute positions of the last two or 
three lines of the series, renders the comparison to some extent wanting in finality, but 
the results may nevertheless be of interest. 

For comparison of observed and calculated wave-numbers, the unresolved lines have 
been regarded as consisting of two components separated by 0°99, one having a wave- 
number greater by 0°33 than that of the unresolved line, and the other 0°66 less, since 
the more refrangible component is about double the intensity of the less refrangible. 
The wave-numbers adopted in the calculations for the less refrangible components, 
adjusted in this manner, are given in the first column of Table II]. The wave- 

numbers are on the International scale, and have been corrected to vacuum. On this 
scale, the value of the Rydberg constant, according to an investigation by 
W. E. Curtis* is 109,679°3. 
* Not yet published. 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


232 PROF. A. FOWLER ON SERIES LINES IN SPARK SPECTRA. 


The formule: which have been calculated are as follows :— 


I. Rypsere’s, with N as for hydrogen, 
4x 109,679°3 


= ‘45 — ———_—__.’. m = 8, 4, +. 
n = 49,770°49— 7 0°996948)" 

II. Ryppera’s, with numerator calculated, 
n = 49,7813) — pee nl ee eee es 


(m+0°999887 )? 


IIT. Hrexs’, with N as for hydrogen, 
4x 109,679°3 


n = 49,775°20— = m= B):4.0.. 
(m+ orgo45at + 2006170) 
IV. Rrrz’s, with N as for hydrogen, 
n = 49,774 76— eee m = 4, 5,.... 
(m—0'004714+ a) 


V. Rypsere’s, with numerator calculated, and (m+) assumed an integer 


4x109,891°8 


n = 49,781°638— - 
m 


= 4, 5,.... 


VI. Same as V.; least square solution, using all the lines, 
4x 109,885°65 


n = 49,780°44— : 
WL 


m= 4, 5,.. 


The observed minus computed values resulting from these formule are shown in 


Table LH. 
TasBiLE II.—Less Refrangible Components of Mg “ 4481” Series. 


i Ee 4 








Wave- Esti- 
number mated 

(L. A), limit of 1. I. Ul. lV. V. VI. Remarks. 
in vacuo. error. 


i ee | Oe _ —_—_—_— CE ne eee 


22,308 °68 0°02 0:00*; 0:-00*, 0°00*| 0:00*| 0-°00*| —0-35 








32,198-99 0:05 -1°30 0° 00* 0-00* 0-00*; +0°05 | +0°25 
37,571°43 O-14 0: 00* 0: 00* 0*00* 0-00* 0-00*| +0°51 
40,810°65 0°17 +1°43 | -0°15 | +0°21 | +0°25 | -—0°22 | +0°47 
42,.912°64 O-4 +2°39 | —0°63 | +0°25 | +0°34 | -—0°75 | +0°05 |! Lines unresolved | 
44,353°99 1-0 +3°48 | —0°71 | +0°70 | +0°85 | —0°88 0:00 but wave-num- 
45,384°70 1-0 +4°11 | —1°05 | +0°86 | +1°06 | -—1°26/| -0°31 bers adjusted. 
46,147°24 1-1 +4°57 | —1°37 | +1°00 | +1°23 | —1°60 | -—0-°62 

| (46,727 -2)F (+1°15) 











* Used in calculation of constants. 
+ Calculated from equation IIT. assuming estimated error of formula. 
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Tt will be seen that the lines are very closely represented by any of the formule. 
Even the simple Rydberg equation (I.) leaves no error so great as a quarter of an 
Angstrém unit, and it would require wave-lengths of still greater accuracy to test the 
relative merits of the other formule. In each case, however, the residuals, although 
very small, are sufficiently systematic to indicate that not one of the formule can be 
considered exact, unless some unrecognised source of systematic error in the deter- 
mination of the wave-numbers may eventually be traced. In choosing between the 
different forms of equation it is accordingly necessary to be guided by experience of 
their application to other series of the same character, if they can be found. The 
result of such trials, as will presently appear, is to indicate that the Hicks 
form of equation is the one which most closely accords with the observations in 
general, 

In the absence of an exact formula, a consideration of the residuals given in Table IT. 
indicates that the limits of the “4481” series may be taken as 49778°0 and 49779°0 
with very small probable error, and these values will be adopted in the subsequent 
discussion. 


$4. The Doublet Series of Calcium, Strontium, and Barium. 


Other series of lines apparently similar in character to the “ 4481” series of Mg 
were found in Lyman’s observations of narrow doublets of Ca, Sr, and Ba in the 
Schumann region,* combined with SAUNDER’s observations in the ordinary ultra-violet. 
While the investigation was in progress, however, a discussion of the available 
observations of these series was published by EK. LorENsER,f who also found that the 
ordinary formulz could not be applied to them. LoReNsER has further established 
that these series stand in the relation of Fundamental (F), or ‘‘ Bergmann,” series to 
the systems of series comprising the well-known wider doublets in the spectra of these 
elements, of which the H and K lines of calcium may be quoted as a familiar example. 
In each case the separation of the narrow doublets of the F series is identical with 
that of the first member and its satellite in the Diffuse (D) series of the wider doublets ; 
and the limits of the F are apparently identical with the variable parts of the 
expressions for these lines. 

Omitting Ba, which presents some difficulties, though generally conforming, 
LoRENSER’s formulzet are as follows, the Sharp series being indicated by 8 :— 


* ¢ Astrophys. Jour.,’ vol. 35, p. 341 (1912). 

+ ‘Dissertation,’ Tiibingen (1913). 

t Formule of this type were first employed for the doublets of Ba by SaAuNDERs (‘ Astrophys. Jour.,’ 
vol. 32, p. 164, 1910). In a later paper SAUNDERS also indicated a connection between the limits of the 
wide and narrow doublets (‘ Physical Review,’ Series 2, vol. 1, p. 332, 1913). 


VOL. CCXIV.— aA. 2H 
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Caleitum— 
D(m) = 70,117 | 428,416 
70,340 (m—0°69117)*’ 
Wide doublets. 
§ (m) = 70117 } meee” 
70,340 (m+0°617844) 
Narrow doublets . F (m) = eaat ize Cee ; 


Strontiwm—- 
D (m) = 64154 } ____ 410,836 
64,954 (m—0°59254)?’ 
Wide doublets. 


S(m) = 64,154 LB 415,157 
~ 64,954 (m+0°684636)? 
73,833°5 430,554 
Narrow doublets ° ‘ ; ‘ F (m) = easat —_ (m—0°056189)"" 


The numeration of the members is shown in Tables IIT. and IV. (Lor.=Lorenser ; 
Fow.=Fowter). 

The negative terms corresponding to m = 3 in the D series, and to m = 1°5 in the 
S series (the latter giving the first P doublet), are given very erroneously by the 
formule, as is so often the case in the more familiar series. Nevertheless, 
LoRENSER has fully established the connection of the F with the D series, 
through the usual relations, to which reference has already been made. There 
is sufficient evidence that the lines in question are to be regarded as enhanced 
lines, and, though LorENsER does not appear to have recognised this fact, his 
work proved that enhanced lines may form groups of related series which are 
generally similar to those occurring in are spectra, but require modifications of the 
usual formule. 

It will be observed that in LORENSER’s formule the numerator is of the order of 
4N as in those already found for the Mg “4481” series, and the question arises 
whether 4N may not be the universal constant for enhanced lines, as N is universal 
for series of lines produced under less violent excitation. The series are not long 
enough to give a very satisfactory comparison of the relative accuracy of different 
formulee, but, so far as it goes, the evidence is distinctly in favour of the Hicks 
formula with 4N for the numerator. For the F series the formula may take the 
simpler Rydberg form with sufficient accuracy. 

The formulee for the above series are then as follows, the wave-numbers being on 
Row.anpv’s scale to facilitate comparison with LorEnsER’s figures :— 
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Calcitum— 
0,289°2 4x 109.675 
D(m) = 70, } = $$ 
70,512°2 - 2? 
| (m-+-0°396204 aoe eee 
Widedoublets . . . « m 
70,289°2 4x 109.675 
70,512°2 . 2" 
(m+ 0°222264 — anal 
m 
81,9486] 4x 109,675 
Narrow doublets ; " F (m) = eet — (m—0°018703)" 
Strontiwum— 
64,323°3 4x 109,675 
| , (m+0'61 1476 — URES 
Wide doublets . m 
64,323°3 4x 109.675 
S(m)=,-” } _ 
65,123°3 *23399()\2 ° 
(m+0'844681 3 ee 
7 / 


Narrow doublets F (m) = et _ 4x 109,675 — 


74,248°0 J — (m—0°028718)"" 


The numeration of the members is shown in Tables IIT. and IV. 

Details as to wave-lengths and wave-numbers of the lines involved, as quoted by 
LORENSER, are shown in Tables III. and IV., which also indicate the differences 
between the wave-lengths observed and those calculated from the two sets of 
equations. 

An inspection of the tables will show that the observations are more closely 
represented in every case, and especially in the case of the negative terms, by the 
Hicks formula involving 4N than by the formula which has been employed by 
LorenseR. The superiority of the former is further shown in the greater accuracy 
with which it proves the identity of the limits of the F series with the variable parts 
of the expressions for the first line of the D series and its satellite. LoreNsER has 
assumed this identity in determining the limits of the F series, thus— 


Ca: 70,117+11,703°0 = 81,820°0 
70,117 +11,763°8 = 81,880°8 
Sr: 64,154+ 9,679°5 = 73,833°5 
64,154+ 9,959°2 = 74,113°2 


If, however, the formule for the F series be calculated entirely from the F lines 


themselves we get the equations 
2H 2 
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Ca: F (mn) = 220608 | _ 2 eee 8) 
| ~ 82,105°6 f — (m+0°00586)* 


Se: F (m) = 742866) _ 455,055 
~ 74,5163 (m+ 0°025265) 


Thus, when Lorenser’s formula is used throughout the discrepancies are 


Ca: 82,044°8—81,820°0 = 224°8 
Sr: 74,236°6—73,833'5 = 403°] 


The Hicks 4N formula gives the variable parts of the expressions for the first D 
lines and their satellites as 


Ca: 70,289°2+11,703°0 = 81,992°2 
70,289°2 +11,763'8 = 82,053°0 


Sr: 64,323°3+ 9,679°5 = 74,0028 
64,323'3+ 9,959°2 = 74,282°5 


Comparing these values with the limits calculated from the observed F lines by 
means of the formula with 4N, we have the discrepancies reduced to 


Ca: 81,992°2—81,949 = 43'2 
Sr : 74,002°8—73,968°3 = 34'5 


The discussion of the available data for calcium and strontium, therefore, leads to 
the conclusion that series consisting of enhanced lines may be represented by the 
formula of Hicxs if the ordinary numerator N be replaced by 4N. It is, of course, to 
be understood that the formula is subject to the same limitations as the one 
involving N as applied to ordinary series. 

There is, however, one important difference between the enhanced line series of Ca, 
Sr, and Ba, and the ordinary are series of these and other elements, namely, that in 
the case of enhanced lines the first observed member of the Diffuse series appears 
with a negative sign, while in the corresponding ordinary series it has a positive sign. 
In each case the limit of the F series and the separation of the doublets are nevertheless 
derived from this first member taken with proper sign. This is the “ new relation ” 
discovered by SAUNDERS in connection with the wide and narrow doublets of Ca, Sr, 
and Ba, namely, “‘ The convergence wave-number of the complex pair series (D) plus 
the wave-number of the first term equals the convergence wave-number of the narrow 
pair series (F),” 

The modified Hicks formula may accordingly be employed with confidence in 
searching for possible relationships of the ‘‘ 4481” series with other series of enhanced 
lines of magnesium, 
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$5. The Doublet System of Magnesium. 


The spectrum of magnesium, as is well known, also contains doublets similar to those 
occurring in calcium, strontium, and barium. They do not appear in the flame 
spectrum ; they occur in the are and are certainly intensified in the spark, and are 
therefore to be regarded as enhanced lines of Class I. Lorenser has discussed these 
lines, but has not identified any associated Fundamental series such as were found for 
the other three elements. The lines in question are indicated in Table V. 


TABLE V.—Magnesium Wide Doublets. 


— ——_—___ 











Diffuse series. Sharp series. 
= 4 ; lait ae a ) é 
| m. ) m. 
r | | 
(ROWLAND). mt | (ROWLAND). * | 
Lor. | Fow. Lor. | Fow. 
— 2795-63* — 35,759°9 15 |] 1 
— 2802-80* — 35,668°4 
2798-07 35,728°7 3 2 2936-61 34,043°1 2°5 a | 
2790-88 35,820°7 2928-74 34,134°6 | 
1737°8 57,544 4 3 1753°6 57,025 3°5 3 
1735-0 57,637 | 1750°9 57,113 | 


| | ae het’ 





Unfortunately, the observed lines are so few that the equations of the two series can 
only be determined completely by utilising all the lines in the calculation of constants, 
the limit derived from the Sharp series being assumed for the Diffuse. LOoRENSER’s 
formulze with the numeration indicated in Table V. are 


§ (m) = 84898°0 | _ _418,202'5 
~ -84,984°5 (m+0°35060)" 


sod: 423.376'6 


D (m) = g4’og4:5.f ~ (m+0°065474) 


The Hicks formule for these series, with the numeration shown under * Fow.” in 


Table V., are 


S(m) = ast 7 = om : 
D (m) = ive? a oe oer SSESTTO : 
; (m+ 0°949439— ots) 


* Also the first doublet of the Principal series. 
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These Mg doublets are analogous to the wider doublets of Ca, Sr, and Ba :—(1) They 
occur under precisely similar experimental conditions ; (2) They show similar Zeeman 
effects (RuNGE and PascuEen); (8) The separations of the components—Mg 91°5, 
Ca 223, Sr 801, and Ba 1691—are roughly proportional to the squares of the atomic 
weights ; (4) The limits of the series follow a natural sequence, decreasing in the 
usual way as the atomic weight increases, | 

The analogy, however, is incomplete. In Ca, Sr,and Ba, the first negative terms of 
the D series, (given by m = 2 in the Hicks formula) correspond, as already mentioned, 
to observed lines (Tables ITT. and IV.) having satellite separations identical with those 
of the doublets in the associated F series; in these cases the satellite lies on the violet 
side of the more refrangible component of the D doublet, and not on the red side of 
the less refrangible component as in the positive terms of the same series. In Mg, on 
the other hand, the D pair given by m = 2 in the Hicks formula has a positive sign, 
and no lines have been observed near the position of the negative term (25,350 or 
about \ 3940) given bym=1. An associated F series, by analogy, would be expected 
to have its limits near 110,830 (= 85,480+25,350), but there is no evidence of the 
existence of such a series. 

The absence of a negative term in the observed D doublets of Mg suggests, as an 
alternative view, that the associated F series may be derived from the first line 
actually observed, namely (2798. In tliat case LoreNsEr’s formula would give for 
the limit of the F series: 84,893'0—35,728°7 = 49,164°3, and the Hicks formula 
89,479°8—35,728'°7 = 49,751°1. 

These figures at once suggest the limit 49,778 of the “4481” series; and the 
available data for the Wide doublets are, in fact, consistent with the assumption that 
the agreement is exact. It would seem then that the “4481” series may be a 
Fundamental series deriving its limits from the first positive line of the D series of 
Wide doublets. In that case the D line \ 2798 would be expected to have a 
satellite with the same separation as the lines of the “4481” series, namely, 
dn = 0°99. A special search for the satellite has been made in the photographs of 
the are mm vacuo taken in the fourth order of the grating, but it has not been 
directly observed. Indirect evidence of its possible existence, however, is afforded by 
careful measurements of the intervals of the Wide pairs. The new wave-lengths are 
given on the International Scale in Table VI. It will be seen that while the pairs 
of the P and § series are in close agreement, indicating a normal separation of 91°5, 
the interval of the D pair is not less, as would usually be the case if a satellite were 
present, but greater. This is confirmed by the recent measures of these lines by 
NacHEN.* ‘The measurements thus suggest that there is a satellite on the more 
refrangible side of the chief line, the separation being comparable with that in the 
“4481” series if we assume that the tabulated \ 2797°989 refers to the chief line 
itself. Such a reversal of the usual position of the satellite, however, would accord 

* *Zeitsch. f. Wiss. Photog.,’ 1913, XII., 2, p. 59. 
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with the fact that the more refrangible component of the “ 4481” lines is also the 
stronger. 

While it is thus probable that the “4481” series is numerically related to the D 
series of Wide doublets, there are objections to regarding it as directly derived from 
that series— 

(1) The “4481” lines, unlike the doublets, do not occur in the ordinary arc; 
(2) The separation of the components of the “ 4481” lines is much too small compared 
with the F doublets of Ca, Sr, and Ba; the latter are roughly proportional to the 
squares of the atomic weights—Ca 65, Sr 285, Ba 575—and a corresponding F series 
of Mg would be expected to havea separation of about 20 in place of the 0°99 actually 
observed in the “ 4481” lines. 

The probable nature of the relation, however, has been revealed by the discovery 
of a new system of doublets, with which the “4481” series appears to be directly 
associated. Before referring to these new lines it will be convenient to give further 
data for the Wide doublets, for comparison with similar data which will appear 
> later for the new series. On the assumption that the variable part of the 
expecesen for the first observed pair of the D series is identical with one limit of the 
“4481” series, the corrected limit of the less refrangible components (I. A.) becomes 
49,779°04+35,729'6, or 49,7780 + 35,730°6* = 85,508°6, and that of the more refrangible 
components, 85,508°6+91°5 = 85,6001. These values have been utilised in the 
construction of Table VI. It is only necessary to explain that the symbols mD, mS, 


Taste VI.—Mg Wide Doublets. Revised Data. 


7 85,508'6. 
Limits { 
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85,600°1, 
D series. | S series. 
n. dn. mD. d(1.A.). n dn. ms. 
~ 2795-5237 |—35,761°15 121,269°7 
91°54 

— 2802-6987 | — 35,669°61 121,269°7 

2 2797°989 | 35,729°63 49,779°0 é 
(35,730°6)t] 92-44 | 49,778-0 | 2936-496 | 34044-44 | 51,464°2 

*4 

2790-768 | 35,822°07 49,778°0 2928-625 34,135 -°92 51,464°2 
3 57,546 27,962°6 57,027 28,481°6 


57,639 27,961°1 57,115 28,485 | 


* Assumed wave-number of satellite to A 2797 - 989. 
+ First P doublet. 
t Wave-number of probable satellite. 
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in the convenient notation adopted by PAScHEN in his extensive researches on series, 
represent the differences between the wave-numbers of the observed lines and the 
limits of the series to which they belong. ‘Thus, if the Hicks equation were exact, 


3 
the symbol 3D would be an abbreviation for 4N / (m+D+5) when m has the value 3, 


and soon. Defects of formule are eliminated in evaluating the variable parts of the 
expressions in this manner, except as regards the determination of the limits. In the 
present case it is probable that the limits are also exact. 

The differences between the two values of 3D, and between those of 3S are to be 
attributed to errors of observation. 


$6. A New System of Magnesium Doublets. 


Two conspicuous doublets, a little more refrangible than \ 4481 (Plate 3, fig. 2), 
were recorded in the magnesium are in vacuo by FowLer and Payn in 1903.* 

Following E. E. Brooxs,t who also investigated their occurrence in the magnesium 
spectrum, it will be convenient to designate these the “ F and P” or “ F.P.” Doublets 
in order to distinguish them from the ‘ Wide” Doublets which have already been 
discussed, and to avoid confusion with the term “‘ Narrow” Doublets as applied to 
the F series of Ca, Sr, and Ba, The wave-lengths of these lines were given more 
accurately by Fow ert in a later paper as 4434°20, 4428°20, 4390°80, and 4384'86 
(RowLanp), from which the wave-number intervals in the two doublets are 30°5 
and 30°8 respectively. 

~The lines evidently form two related pairs, and the experimental conditions for 
their production are identical in every respect with those for \ 4481, thus differing 
from the Wide Doublets in the ultra-violet. It appeared, therefore, that the “ F.P.” 
Doublets might belong to series, the investigation of which would throw further light 
on the relationships of the “ 4481” series. 

Six other doublets with the same interval were eventually traced, and an additional 
one in the infra-red has been recorded by Lorenser. The doublets occur in groups 
of two, the more refrangible being slightly the stronger in each group. They fall 
readily into two series, and as in the other enhanced line series which have been 
considered, it is necessary to employ the term 4N for the numerator in the formule. 

The stronger doublets have been regarded as belonging to the Diffuse, and the 
weaker ones to the Sharp series. According to Hicks this classification is supported 
by the signs of the last terms of the denominators when his formula is employed. 

Measurements of the lines have been made on photographs taken with the quartz 
spectrograph (Plate 3, figs. 4 and 5), with the exception of the doublets near \ 4481, 


* «Roy. Soc. Proc.,’ 1903, vol. 72, p. 255. 
t ‘Roy. Soc. Proc.’ 1907, vol. 80, p. 220. 
} ‘ Phil. Trans.,’ A, 1909, vol. 209, p. 451. 
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od 


the wave-lengths of which have been redetermined from plates taken in the 8rd and 
4th orders of the grating. International standards were employed in the determina- 
tions but the wave-lengths on both scales are given in Table VII. 

For these “ F.P.” doublets the small letters d, s, and p will be used for the Diffuse, 
Sharp, and Principal series respectively, D, 8S, and P being reserved for the 
corresponding series of Wide doublets. 

Employing the less refrangible components of the first, second, and fourth doublets 
for the calculation of constants, the resulting equation for the d series is 

Ho) BE} 
od (m + 0°947218+ eee 


and for the s series, assuming the same limits and calculating from the first and third 


of the less refrangible components 


40,6 Cat 4x 109,679°3 
s(m) = a 


= j : 2. 
40,648°95 m+0°930,683— 2 —) 


These equations represent all the observations very closely as will be seen from the 
columns “‘O—C” in Table VIT. 


§7. Relation between the ‘‘ 4481” and the New Series. 


A connection between the “ F.P.” doublets and the “4481” series is indicated by 
the above equation for the d series, since m = 2 gives the variable part as 49,790°5 
which is very close to the limits of the “4481” series. By analogy with the doublets 
of Ca, Sr, and Ba, this would be the case if the “4481” series were a Fundamental 
series forming part of the “F.P.” system. Such an association would conform with 
the rule already indicated by the other three elements that the limit of the 
Fundamental series in the case of enhanced lines is derived from the first negative term 
of the d series, and not from the first positive as in are line series. 

For the complete establishment of this relation the lines of the d series should be 
found to have satellites; and in the case of the first member the separation of the 
satellite should be equal to that of 4481. The wave-length of the first line is given by 
the Hicks formula as near \ 10,900, a position which does not fall within the region 
which could be observed with the instruments available. The satellite separation 
should be dA = 1°2. The second d pair (A 7896), which should have a satellite 
separation d\ = 0°25, is also outside the region investigated. At the third (A 4390°6) 
the satellite separation would be reduced to dA = 0°04 (dn = 0°21) which is too small 
for resolution. There is, however, some evidence of a disturbance of the position of 
the third line (Table VII.). This part of the spectrum was photographed in the 3rd 
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and 4th orders of the grating, and careful measurements have shown that the d 4390 
d doublet is slightly wider (0°3) than the neighbouring doublet of the s series. 
LORENSER’S interval for the secondd pair is also greater than that of the other doublets 
which have been measured. The intervals of the remaining pairs have been less 
accurately determined and cannot be used for such a comparison. As in the case of 
the corresponding line \ 2798 of the Wide doublet (D) series, the observations of the 
\ 4390 doublet suggest a satellite on the more refrangible side of the chief line, and 
this unusual position would accord with the greater strength of the more refrangible 
components of the “4481” series, 

The “4481” series may accordingly be considered to be associated with either of the 
two systems of doublets, but a more direct connection with the “ F.P.” group is 
indicated by the fact that these lines occur under precisely the same experimental 
conditions as 4481. With this relation no difficulty arises with regard to the small 
interval of the “ 4481” lines, or to the limits of the series when compared with the 
corresponding figures for Ca, Sr, and Ba. It may therefore be concluded that the 
“4481” series is the Fundamental series of the “ F.P.” system. , 


§8. The Principal Series of the New Doublet System. 


Associated with the “ F.P.” doublets a Principal series would also be expected. The 
approximate formula for the more refrangible components of these doublets, calculated 
in the usual way from that of the s series, is 


4x 109,679°3 


ins) = GL GeO ee ee 
og wre (m+ 1°286480)° 


This indicates the neighbourhood of \ 9340 for the first p doublet (which should 
have dn = 30°5) and \ 3643 for the second. The first is outside the range of the 
present observations, but the second is probably represented by one of two similar 
pairs of lines which are developed under the same conditions as the “ F.P.” lines. In 
each pair the more refrangible component is the stronger, as it should be in the p series, 
and the separations are about that which would be expected in the second member. 
Particulars of these lines are as follows :— 


A(LA.). n. dn, Remarks. 
3850°40 25,964"1 3 

14°6 Probable ‘‘ combination” doublet (Plate 3, fig. 8). 
3848'°24 25,978°7 


3615°64 27,650°0 
14°0 Probable p doublet. 
3613°80  27,664°0 


It is evident that both pairs cannot belong to the p series, and the near equality of 
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the intervals therefore suggests that one belongs to the p series while the other is a 
“combination” doublet. We have, in fact, the following numerical relations with 
the term 2d given by the limit of the more refrangible (stronger) components of the 
“4481” series :— 

49,779°0—25,978'7 = 23,800°3, 

49,779'0—25,964'°1 = 23,814°9. 


23,800°3 + 27,664°0 = 51,464°3 


51,464°6. 
23,814°9 +27,650°0 = si erat oe 


The last number is not far from the approximate limit calculated for the p series, 
and it is suggested that the lines at \ 3615 form the p doublet while the other pair is 
a combination derived from this and the limit of the “ 4481” series (f © —3p, or 
2d—3p). 

A striking confirmation of this conclusion is afforded by the fact that the term 2S 
for the Wide doublet series (Table VI.) is 51,464°2. This is not only in close 
accordance with the limit for p calculated above, but is an important indication of the 
intimate connection of the two systems of doublets. It will suffice for the present to 
note that the limit of the p series of “F.P.” doublets appears to be given by the 
difference between the limit of the subordinate Wide doublets and the wave- 
number of the first observed 8 line which has a postive value; or, symbolically, 
po= 28 =Sa-S (2). 

The agreement is too close to be regarded as accidental, and assuming the relation 
to be true, the limit of the p series can be determined very exactly. The limit of the 
“4481” series (giving 2D and thence 8) has been found with considerable precision 
and the wave-number of the line \ 2936°496 giving 8 (2), has also been accurately 
determined. Hence, with very small probable error, the limit of the p series may be 
taken as 51,464°2. The limits of the d and s series (40,618°4 and 40,648°9) are 
probably also not far from the truth, and the wave-numbers of the components of the 
Jirst p pair may therefore be deduced by the Rydberg-Schuster law. Hence, although 
only the second p doublet has been actually observed, there are sufficient data for the 
calculation of Hicks’ formulee for the series, namely, 


4x 109,679°3 


(m+ 1°305940— ——e 
Vb 


p.(m) = 51,464°2— 


4 x 109,679°3 


p, (m) = 51,464°2— ; 
(m+ 1307253 — “E1298 —} 


The positions of the first four doublets calculated from these equations are as 
follows :— 
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Taste VITI.—Principal Series of “ F.P.” Doublets. 


Limit = 51,464°2. 


——— oe 


Mpo. 
mp, on. Remarks. 


I f 


9243°7 10,815°3 40,648°9 
30°5 Calculated. 


9217°7 10,845°8 40,618°4 
3615°64 27,650-0 23,814°2 
14°0 Observed. 

3613-80 27,664°0 23,800 °2 
2790°84 35,819°9 15,644°3 

7°6 
2790°35 35,827 °5 15,636°7 

Calculated. 

2474°37 40,402 °4 11,061°8 

4°5 
2474°09 40,406°9 11,057 °3 


The Principal series thus appears to be satisfactorily identified, but it is somewhat 
remarkable that it does not occur with greater intensity. 


$9. Relation between the Two Systems of Doublets. 


The connection of 4481 with the Wide doublets appears to arise from the fact that 
the two sets of doublets are themselves closely related. An indication of this has 
already been noted in connection with the limit of the p series. Further evidence is 
afforded by a comparison of other terms of the two systems. ‘Thus, for the Wide 
doublets, including the case just mentioned, we have from Table VLI., 


S, 0 = 85,508'6, 


S,c = 85,600'1, 
2D = 49,778'0, 2S = 51,4642, 
8D = 27,961'8, 38 = 28,4833, 


all of which are derived from actual observations, and are, therefore, unaffected by 
any imperfections of formule except as regards the limits of the “4481” series. The 
equations for the d, s, and p series of “F.P.” doublets (pp. 244 and 246) give 
corresponding terms, 
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1p, = 85,462°9, 

1p, = 85,550°2, 
2d = 49,790, 2s = 51,328, 
8d = 27,958, 3s = 28,464. 


The calculated terms of the “ F.P.” doublets may thus be considered identical with 
the corresponding terms of the Wide doublets, within the possible limits of error. In 
that case the corresponding subordinate series would run parallel to each other in the 
two systems at distance apart of 

Sco —s, 00 = 85,508°6—40,618'4 = 44,890°2 = P, (2)—P, (1) 
and 
Sco —s,00 = 85,600°1—40,648°9 = 44,951°2 = P,(2)—P, (1). 

A further important indication of a close connection between the two systems 
results from a consideration of the P series of Wide doublets, of which only the 
pair AA 2802, 2795 falls within the region of observation. In view of the relations of 
the other series to which reference has been made, the limit of the P series is probably 
given exactly as 85,508°6+35,761'1, or 85,600°1+35,669°6 = 121,269°7 as shown in 
Table VI. With this limit, the formule for the two components of the series, derived 
from the observed pair are, | 

4x 109,679'°3 
= 121,269°7 —- ———_"———;;' 
P, (m) = 121,269°7— 7963889)" 


4x 109,679°3 


~ 121,269°7— 
P, (m) 269° — C+ 1265100) 


From these equations we find for the P series the results shown in Table IX. 
Taste [X.—Principal Series of Wide Doublets (Preliminary Calculation). 


Limit = 121,269°7. 





som r n mPs, 
ee (1.A.). mP}. 
1 2802-698 35,669°6 85,600" 1 
2795 °523 35,761°1 85,508 °6 
2 1248-64 80,0871 41,1826 
1248-16 80,117°6 41,152°1 





3 1029-45 97,138°8 24,130°9 
1029-31 97,152°5 24,117°2 
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The first striking result derived from these calculations is that the separation of the 
second member is 30°5, which is exactly that of the d and s doublets of the ‘ F.P.” 
system. Hence it is suggested that the variable parts mP,, mP, are really identical 
with corresponding terms of the p series (Table VIII.). The differences are in fact 
not too great to be attributed to defects of the simple formule employed. Thus the 
P and p series may also be considered as running parallel to each other at a distance 
apart of Po—po = 121,269'7—51,464'2 = 69,805°5 = $(2)—S(1). Since the data 
for the p series depend upon more complete observational material than those for P, 
the latter may be corrected by the former, with the following results :— 


Tas.LE X.—Corrected Principal Series of Wide Doublets. 
Limit = 121,269°7. 





r mPs. 
m. (I. A). n. mP, dn, Remarks. 
1 2802-698 35,669 °6 85,600" 1 Observed lines (Table VI.). 
91°5 
2795523 35,761°1 85,508 °6 
2 1240°37 80,620°8 40,648°9 
30°5 
1239-90 80,651°3 40,618°4 , 
Calculated. 
3 1026-11 97,455 °5 23,814°2 
14°0 
1025-96 97,469°5 23,800 °2 


—— = —EEEE 





Even the second pair is beyond the region photographed by LyMAn in the case of 
magnesium, but it is not outside the limit of possible observation. 

The foregoing considerations leave no doubt that while the limits and separations of 
the D and § series of Wide doublets are derived in the usual manner from the first 
doublet of the P series, those of the d and s series of the narrower “ F.P.” doublets 
are derived from the second P pair (Wide doublets). PAscHEn’s work on Combination 
series appears to justify the belief that the Rypperc-Scuuster law of limits, and 
Runer’s law as to the derivation of the limit of the Fundamental series from the first 
line of the Diffuse series, are both exact, and the parallelism of the two systems thus 
permits the accurate calculation of data for both, since data lacking in one may be 
adopted from the other. For example, the term 2s of the “ F.P.” group is given by: 
calculation as 51,328°2, and 1s as 119,449°3; both may be obtained with a much 
higher degree of precision by adopting the values 28 and 18 of the Wide doublet 
system (Table VI.), which are themselves independent of formule except as regards 
the determination of the limits of the “ 4481” series. The following table (XI.) may 

VOL. COXIV.—A. 2K 
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TABLE XI.—The “ F.P.” Doublet System of Magnesium (Wave-numbers and 


Variable Parts”). 








d series. 8 series. J ( 4481”) series. 
-._ { 40,618'4. 40,618: 4. .« £ 49,778°0. 
Limits) 40,648-°9. | mits { 49) 648-9, | Limits4 4o'779-0, 
m. 
n. ma, n. ms. n. mf. 
Fae ee —— 
1 (110,836) 121,269°7* (109,576°1)t 
2 49,779°0 51,464: 2* (48,823-6)t 
3 | 12,660°6 | 22.308°7 
| 27,957°8 28,483°3* 27,469°3 
12,691°5. | -22,309°7 
4 | 29,769°7 22.546 °8 199° 
—-(17,848°7 _:18,071 17,579°0 
22,800°6 22.577 °4 32,199 
5 | 28,249°8 28,133°3. 37,571°4 
12,368°6 | 12,485-1 12,206°6 
28,280°3 | 28,164°2 | 37,572°4 
6 | 31,5469 31,478°8| 
9,071°5 | 9,139°6 | 40,811°3| 8,967°4 
31,577 °2 31,509°1 
7 | $3,684°5 33,641°1 
6,933°9 6,977°3 | 42,913°3| 6,865°4 
33,715°0 33,671°5 | 
| 
8 (5,473 °9) (5,502: a 44,354-7| 5424-0 
| 
9 | 45,385°4 4,393°3 
) 
10 46,147°9| 3,630°8 
H | | | (3,050-8)+ 


* From Table VI. (mS); 1s = P “a 


+ From Hicks’ formula for “4481” series (equation III., p, 232). 


p series, 


Limit, 51,464° 2. 


4 


n. me 


—34,135°9t  85,600°1 
~ 34,044°4t  85,508°6 


40,648°9 
40,618°4 


27,650°0 | 23,814°2 


27,664°0  23,800°2 


15,644 °3 
15,636 °7 


11,061°8 
11,057 °3 


Observed S doublet (Table VI.), S(2); the variable parts in this case are 1P, and 1P, =S_ o and §; . 
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accordingly be drawn up for the “F.P.” system, it being understood that the 
variable parts of the p, d, and s series are equally applicable to the Wide doublets. In 
each case the terms md, &c., are given as derived from the observed wave-number of 
the less refrangible components; they would be the same for the more refrangible 
components if there were no errors of observation. The wave-numbers included are 
those which have been actually observed ; others may readily be obtained from the 
limits and variable parts given. Terms depending wholly on calculation from formulze 
are enclosed in brackets, and for simplicity the satellite has been disregarded. Further 
reference to this table will be made in the discussion of Combination series. 


$10. Combination Lines and Series of Magnesium. 


In the discussion of series, the wave-number of a line is represented by the 
difference of two other wave-numbers, the first of which (the limit) is constant for a 
given series, and the other variable, the limit itself appearing as one of the variable 
parts in an associated series. Combination lines and series, as is well known from the 
work of Ritz and PascHeEn, are formed by taking differences between the variable 
parts from different series. The Fundamental series was regarded by Ritz as a special 
type of Combination series, in which the variable part, in a doublet series, is given by 
m (p,—p.), or m Ap, where p, arid p, are taken from the formule for the two com- 
ponents of the Principal series, or derived from the constant separation in the Diffuse 
and Sharp series. ‘This relation, however, is only approximate, and mf will be used to 
denote the variable part in the Fundamental series. It should be recalled that if there 
are no satellites in the D series, the F series consists of single lines, and that when 
satellites are present in a doublet system, the F lines are also doublets, with a separa- 
tion equal to that of the satellite and chief line in the first member of the D series. 

The whole of the “ F.P.” system may be considered to consist of Combination series 
derived from the Wide doublets, or vice versdé. Retaining the use of capital letters for 
the Wide, and small ones for the “ F.P.” doublets, and disregarding the satellites, we 
have the relations 


p,(m) = 25—mP,, P, (m) = 1s—mp,, 
p, (m) = 25—mP,. P, (m) = 1ls—mp,. 
s, (m) = 2P,—m8, S, (m) = 1p,—ms, 
s,(m) = 2P,—mS8. S, (m) = 1p,—ms. 
d, (m) = 2P,—mD, D, (m) = 1p,—md, 
d,(m) = 2P,—mD. D, (m) = 1p,—md. 


tS (m)=2D-—mf or 2D—m (P,—P.). 
2K 2 
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Either of the groups might be approximately determined in this way from the 
other, but an accurate knowledge of all the data for one of them can only be obtaimed 
by utilizing observations of both. 

An interesting extension of the investigation of magnesium has been made possible 
by the production of a number of new lines of moderate intensity, which occur under 
the same experimental conditions as the “F.P.” group (Plate 3, figs. 1, 2, 3). For 
some time the appearance of these lines seemed rather capricious, and it was thought 
that they might possibly be due to impurities. It was eventually found, however, 
that they could always be obtained in a small region near the negative pole of the 
are in vacuo, provided a sufficiently heavy current (7 or 8 amperes) were employed. 
The lines were shown clearly in many photographs, where the only lines 
traceable to impurities were faint ones of Na, Ca, and Ba. No further doubt can 
be felt as to the magnesium origin of the lines, in view of the manner in which 
their positions can be calculated from the constants for the doublets, taken from 
Table XI. 

One of the combination terms has already been utilised in the discussion of the 
p series. This is represented by the combination 2d—3p,, 2d—38p,, giving the lines 
AA 3850°40, 3848°24, which form a well-marked doublet, shown very clearly in Plate 3, 
fig. 8. 

In addition, two well defined Combination series have been identified. A few of 
the lines involved appear in a list given by LoReNsER, but their connections were not 
then recognised. One of these series is somewhat stronger than the other and 
may be distinguished as Series A, the weaker being designated Series B. In 
each case the intensities degrade in the usual way in passing to the violet 
(Plate 3, figs. 1, 2,3). ‘Series A results from the combination 3d—m/f, and B from 
3f—mf. Details of the observations and comparisons with the calculations are given 


in Tables XII. and XIII. 


Taste XIJ1.—Magnesium Combination Series A (3d—m/). 


Limit, 3d = 27,957°8. 














: 
A (1.A.) n n | B=] 
m. | (Fow.er). | (observed). | (calculated). An. Remar. 
| 
5 | 6346-67 15,7520 | 15,751°2 +0°8 | Lor. gives 46347°27 (Row.). 
6 | 5264-14 18,9913 | 18,990-4 +0°9 5 a. ae ee 
7 | 4739-59 21,0931 | 21,092-4 +0°7 
8 | 4436-48 99,534°2 | 29'533-8 +0°4 
9 | 4249-47 23,564°7 | 23,564°5 +0°2 (A 4242°60 «= Mgt 
10 | 4109-54 94,3269 | 24.397-0 ~0°1 
11 | 4013-80 94907°1 | 24,907°0 | +01 


———_—_— 
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Taste XIII.—Magnesium Combination Series B (3f—m/). 


Limit, 3f = 27,469'3. 


O-C, 





a a Remark 
(observed). | (calculated). An. eeneers 
5 | 6545-80 15,272°8 15,262°7 | +10-1 | Lor. gives{ }6046°77 (Row.). 
6 | 5401-05 18,509°9 18,501'9 | + 8:0 ee — 
7 | 4851-10 20,608" 2 20,603°9 | + 4:3 
8 | 4534-26 22.048°2 22.045°3 | + 2°9 
9 | 4331-93 23.078" 1 23.076°0 | + 2:1 
10 | 4193-44 23.840°2 93.838°5 | + 1°7 
1] 4093-90 24.419°8 24.418°5 | + 1:3 


It will be observed that in each case there is a systematic difference between 
observation and calculation. In Series A, however, the differences are very slight, and 
possibly negligible ; but in Series B they are too large to be attributed to faulty 
observations, The terms mf have been derived from observations of a high order of 
accuracy, and in the case of Series B, the calculated wave-numbers would not be 
affected by any error in the adopted value of the limit of the / series. It is scarcely 
probable that Series B, with its limit so near to 3f, is independent of the “ F.P.” 
system, and it would therefore appear that the combination principle is not exact in 
every case, except probably as regards the values of the limits. 

Calculations of formulz for the two series from the observed lines themselves confirm 
the values of the limits given by the combination terms. These formulz are as 
follows :— 
4x 109679'3 


A (m) = 27,956'48— | i 
(m+0'998807 + | 


4x 109679°3 


B (m) = 27,468°38— rT wrTTit 
(m+0'994863 + | 


The residuals (O—C) left by the formulz on the observed wave-numbers are— 


m= 5 6 7 8 9 16-3 
a eae A = 0'0* +0°3 0°0* +0°1 00 —0'3 0'0* 
¥ , B=o0* +18 OO +01 0° 00 ©0'0* 


A general view of the enhanced line series of magnesium now identified is given in 
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fig. 1, in which the doublet separations have been arbitrarily increased for greater 
clearness. 





20 » 40 0 , 
Lf eR REM LE Ri OS sli) Lise awe 
= Av) a ‘al ‘ 
a SERIES 
| | Pe a ee ee 
i i = 
en = =-—=----- B (2)--- ---------» ° 
Es BA Se : 
= a ES et Me: ER RO ee ; 
OS Oe OO Ee es 
ee eee cer. —- 8 A 
occ eeece ores ~-f——----------------------] _ I] 1 |_| 1 . B= 
PERE S Fara ar = mre OTHER COMB” 
I 00 RO a 9 ’ 9 & =—o7 -4h Th 
Si? (EE GeO Pil----------- = > . 
ee EE icine a 
3 ; b 
eS 8-H) -----_----—-- $s dr : 
ae R2-P) ------------4 I] 1] 1] + : 
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Fig. 1. Enhanced-line series of magnesium. 


§ 11. General Comparison of Mg, Ca, Sr, and Ba. 


One of the results of the investigation is to indicate that Mg behaves differently 
from Ca, Sr, and Ba in the spark. All are alike in having series of Wide doublets 
with separations related to the atomic weights, but the D doublet with negative 
frequency which occurs in the other three elements is lacking in Mg. While Ca, Sr, 
and Ba have strong Fundamental series with limits derived from the negative D 
doublet, the corresponding F series of Mg, like the negative term from which it should 
be derived, does not appear to exist. In Mg the equivalent of the F series of the 
other three elements is replaced by the whole system of “ F.P.” doublets (including 
the ‘‘ 4481” series as Fundamental), which has no analogue in the other three elements 
so far as is known at present. The “ FP.” system itself is closely related to the family 
of Wide doublets, but although both consist of enhanced lines they do not necessarily 
co-exist ; the wider system occurring in the ordinary arc, while the closer requires the 
conditions of the spark or its equivalent, the negative pole of an are in vacuo. 

The “ 4481” series is therefore established as a Fundamental series, but the system 
of which it forms a part is in some respects exceptional. 

It is important to observe that no numerical relations between the enhanced and 


arc line series occurring in the spectra of any of the four elements have been 
recognised, 


§12. The Spectra of Hydrogen and Helium. 


The now demonstrated existence of series having 4N for the “universal” constant 
has an interesting bearing on the question of the origin of the special lines produced 


=—7 
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by strong discharges in helium tubes, to which reference has already been made. Some 
of these were at first regarded as being identical with the lines of the supposed P series 
of hydrogen calculated by Rypsere on the assumption that the Pickering (¢ Puppis) 
lines formed the S series. The lines in question are compared with RypBera’s values 
(Rowland scale) in the appended table :— 


TABLE XIV.—The ‘“‘ 4686 ” Series. 


a — - 





Observed A Calculated A Difference 
(FOWLER). (RYDBERG). AX. 
—}_—— a. ty 
4685-98 4687-88 1-90 
3203-30 
2733°34 9734°55 1°21 
2511°31 | 
2385°47 | 2386°50 — 1:03 
2306-20 
2252°88 9253°74 0-86 
iS i 





In order to conform with Ryppere’s theory, and to adapt the formule then 
ordinarily employed, it was necessary, as in the first discussion of the Mg “ 4481” 
series, to divide the series into two parts by taking alternate lines. One series, as will 
be seen from the table, then agreed very closely with the calculated values for the 
P series of hydrogen, and the other was regarded as a second P series having a simple 
relation to the first. 

The conditions of appearance of these lines in helium tubes indicates that they are 
enhanced lines, and calculation shows that they can be united in a single series of the 
4N type, as in the case of the other series of lines of this class which have been 
discussed. Thus, the first line, which has been most accurately measured, gives the 


equation 
S favie Bh 
n = 438,879'1 (4-4). 

The differences O—C (An) for the seven observed lines are 0°0, —0°3, +14, +06, 
+1°0, +2°3,-—1'4. Allare within the estimated limits of error of observation, or very 
nearly so, except the third, and even in this case a correction of 0'1 A.U. to the 
observed wave-length would reduce the difference to zero, 

The “ 4686” series is accordingly a series of the enhanced line, or 4N, type, and 
can no longer be considered to belong to the same group as the Balmer series of 
hydrogen which is of the are, or N, type. The numerical relations indicated by 
Rypsere’s calculations are therefore not significant, and, in view of the experimental 
evidence, it must be concluded that the ‘‘ 4686” series is not due to hydrogen, but to 
helium, as first indicated by Dr. Bonr from theoretical considerations. This conclusion 
is further supported by Evans's observation of the line 4686 in a helium tube in 
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which the ordinary lines of hydrogen could not be detected.* In accordance with 
the convenient nomenclature of Lockyer it is suggested that the lines in question 
should be designated ‘“ proto-helium ” lines. 

Analogy with the magnesium “4481” series suggests that the “4686” series 
should be regarded as one of the F type, and the question arises as to how the 
associated P, 8, and D series are represented in the proto-helium spectrum. A 
knowledge of the F series alone does not permit the complete calculation of any of the 
three associated series, but only indicates the “ variable part” of the first line of the 
D series. In the case of proto-helium, the limit of the “ 4686” series, N’/3*, shows 
that the variable part of the D formula is identical with that of the F, but the limit 
of D remains undetermined. A consistent arrangement is possible, however, if the 
D be regarded as having the same limit as the F series, in which case the four series 
would coalesce in the formula 

n = N’ (4-4) 


where N’ = 438,879°1. This only requires that the zero values of x given by m = 8 
be regarded as negative terms, so that if the formula be taken to represent the 
coalesced D and § series, the limit of P derived from 8, and that of F derived from 
D would also be N’/3*. The lines of the four series would thus be coincident. The 
great strength of the “4481” series of magnesium as compared with that of the other 
series of the “ F.P.” group, however, suggests that the “4686” series is primarily of 
the F type. 

As pointed out by Bour, the substitution of 4 for 3 in the above formula for the 
“4686” series yields a series of lines of which the Pickering (¢ Puppis) lines, also 
formerly attributed to hydrogen, are alternate members, the remainder being nearly 
coincident with the Balmer lines of hydrogen. It is probable, therefore, that the 
Pickering lines are also due to proto-helium, as they have only been observed in 
association with 4686. The calculated wave-lengths of the earlier members of the 
extended series are compared in Table XV. with the Balmer series, and with the 
hypothetical “ sharp” series of hydrogen calculated by RypBerc. 


Taste XV.—The “ Pickering” Series. 


| See . ae eee Se SS SS ee 











| Proto-helium, | Hydrogen, | “ Hydrogen,” 
se sernawte. ” series, Balmer series, RYDBERG’S 5 series, | 
| d (calculated), A, A (calculated). aad 
| pil So pete 2 vlog 33 
6560° 37 | 6563-07 
| 5411-74 | | 5412-8 
| 4859°53 4861°52 | 
| 4541-79 | 4543°3 
4338-86 4340°64 | 
4200-02 | 4201°5 | 
/ - 


* ‘Nature,’ 1913, September 4, p. 5, 
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The astrophysical and experimental data have as yet given no proof of the existence 
of the lines adjacent to those of hydrogen, but there is no evidence against the 
supposition that they exist. 

The assignment of these Imes to proto-helium is supported by the observations of 
magnesium, which have shown analogous series associated with the “ 4481” 
series. ‘The series A of magnesium, given by the combination 3d—m/, would become 
4D—mF in proto-helium—the numeration being slightly different in the two cases*— 
and this would be identical with the formula for the extended Pickering series. 
Series B of magnesium, given by 3f/—m/, would similarly become 4F—mF and would 
also coalesce into the Pickering series. Alternate lines of series B are in fact not far 
removed from the Balmer lines, while intermediate lines are near the observed 
Pickering lines, as will be seen by comparing Tables XIIT. and XV.; lines near these 
positions might also be derived from the F series of other elements in which mF 
approximates to 4N/m’?. The relative weakness of the Pickering series of proto-helium, 
as compared with 4686, is matched in magnesium by the relatively low intensities of 
the analogous combination series A and B, 

The close relations between the lines of hydrogen (real and hypothetical) and some 
of those of proto-helium are simply accounted for by Bour’s theory of the origin of 
these spectra. The general formulze, in which p and m can only take integral values, 

may be written 


Hydrogen : n=WN Bak = 2 for Balmer series. 
y 8 i me P 
ET eee P = 3 for “ 4686” series, 
Proto-helium: n N’( ( : 7 = 4 for Pickering series. 


If N’ were exactly equal to 4N, alternate lines of the Pickering series would 
evidently coincide with the Balmer series ; and the hypothetical P series of hydrogen, 
given by p=1'5 in the first formula, would fall on alternate lines of the “4686” series. 

The hydrogen lines, according to the theory, are produced during the binding of an 
electron by an atomic nucleus having a single positive charge, and those of proto- 
helium during the binding of an electron by a nucleus having four times the mass and 
a double positive charge. If the mass of the electron were negligible in comparison 
with that of the nucleus, N’ would be equal to 4N, but Bour has shown that when 
correction is made for the mass of the electron, the theoretical ratio for these constants 
is in nearly perfect agreement with that of the values deduced from the spectroscopic 
observations.t His expression for the constant of the hydrogen series may be 


written Su 
LO°27*H*e*Mm 
ch® (M+m) 
* The numeration would be the same if m in the proto-helium formula were written (m+1) to 


correspond with (m+ 0-99) of magnesium. 
+ ‘Nature,’ 1913, October 23, p. 231. 


VOL. CCOXIV.— A. 2 L 


Nu = 109,675 —_ 
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where c is the velocity of light, ) is PLANCK’s constant, ¢ and m the charge and mass 
of the electron, and E and M the charge and mass of the nucleus of the hydrogen 
atom. In the case of proto-helium, the value of E is doubled and M is increased four 
times. The theoretical ratio between N’ and N is therefore 


None _ 16(M+m) 
Nu 4(M+m) 


Introducing the recognised value M/m = 1835, the resulting ratio is 4°001635, as 
compared with 4°001632 derived from the observations. 

A spectroscopic method of determining the mass of the electron, from the constants 
of the hydrogen and proto-helium series, is thus suggested. The value of N’ obtained 
from \ 4685°98+0°01 (RowLANnp’s scale) is 438,879°1+1°0, and combining this with 
hydrogen 109,675, the resulting value for the mass of the hydrogen atom in terms of 
that of the electron is 1836+12. A similar calculation from wave-lengths on the 
International scale, using Mr. Curtts’s new value of the hydrogen constant (109,679°3) 
gives the ratio M/m = 1855+12. This result, however, is only to be regarded as 
provisional ; more exact measures of the proto-helium lines may be possible, and the 
formula employed may require a small correction for the alteration in the mass of the 
electron due to its velocity. 

The assignment of the “‘ 4686” series to proto-helium may nevertheless be considered 
to be independent of Bonr’s theory. It really depends upon the recognition of the 
new class of series associated with enhanced lines, and the better accordance with 
experimental results. Apart from the theory it might still be considered possible that 
the hydrogen spectrum, under appropriate conditions, would include the Rydberg 
lines. The well-known line about \ 4686 which occurs in the solar chromosphere and, 
in some of the nebulz, however, is undoubtedly the proto-helium line, and there are no 
indications in these spectra of another line near 4688 which would correspond with 
the hypothetical line of hydrogen. Until other evidence is forthcoming, it may 
therefore be considered that the line spectrum of hydrogen, as required by Bour’s 
theory, consists only of the Balmer series and parallel series in the infra-red 
and Schumann regions. ‘These are all included in the simple formula previously 
given. 

The proto-helium spectrum is apparently of the same simple character as that of 
hydrogen, but the series in the infra-red and Schumann regions have not yet been 
investigated. 


$13. Hnhanced Lines in Relation to Bour’s Theory. 


The apparently successful application of Bour’s theory to the lines of proto-helium 
renders it desirable to consider briefly the implications of this theory as regards other 
systems of enhanced lines, | 
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Since enhanced lines have been found to occur in families of series similar to those 
previously recognised in are spectra, the only new theoretical problem presented by 
them is to account for the appearance of the series constant with four times the value 
associated with are lines. Otherwise, the extension of the simple formule for proto- 
helium to enhanced lines in general is identical with the extension of BALMER’s 
formulee for hydrogen to the ordinary systems of series of arc lines. Hydrogen and 
proto-helium may thus be regarded as limiting cases of the two kinds of series. 

Independently of the series evidence there are numerous indications that enhanced 
lines originate in vibrating systems differing from those which give rise to are lines. 
The mode of occurrence of the two sets of lines in the spectra of celestial bodies 
furnishes important evidence in favour of this view, and experimental evidence in the 
same direction is abundant. The extensive researches of HeMsALEcH on the phenomena 
of the spark discharge, for example, have revealed striking differences in the behaviour 
of the two classes of lines.* 

It has been shown that in a single discharge, the durations of the enhanced lines of 
Ca, Sr, and Mg, are much shorter with respect to their intensities than those of the 
are lines of the same elements; and in another investigation it was shown that the 
velocities of the particles emitting the enhanced lines of Ca were nearly twice as great 
as those of the particles producing the arc lines. f 

These experiments suggested that centres of emission of different constitution were 
concerned in the production of the two classes of lines, but HEMsSALEcH hesitated to 
adopt this view until other experiments had been made. 

The series investigation not only points to the existence ot different emitting 
systems, but, in the light of Bour’s theory, may possibly give a clue to the nature of 
the difference. The appearance of 4N in the formulz for series of enhanced lines 
suggests that, as in the case of proto-helium, such series are produced during the 
binding of an electron by each of the atoms from which two electrons have been 
removed by the exciting source ; while are series lines are emitted during the re-forma- 

tion of atoms from each of which only one electron has been removed. Although 
the neutral atoms of different elements contain different numbers of electrons, the 
approximate constancy of N for are series, according to Bonr, is explained by the 
fact that the force on an electron entering a system consisting of a positive nucleus 
and a number of electrons one less than that required to render it neutral would not 
be very different from the force in the case of the binding of an electron by a hydrogen 
atom. A similar explanation would evidently account for the constancy of 4N in the 
formule for series of enhanced lines. Variations from the simple series conditions 
presented by hydrogen and proto-helium would be expected in consequence of the 
presence of additional electrons, but these have not yet been worked out theoretically 
by Dr. Bonr. 
* «Comptes Rendus,’ vol. 151, pp. 220 and 668 (1910). 
t ‘Comptes Rendus,’ vol. 154, p. 873 (191 2). 
2L 2 
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The varying facility with which enhanced lines can be produced in the spectra of 
different elements would seem to depend upon the intensities of the forces which bind 
the electrons to the nuclei. In some elements, such as lithium, no enhanced lines at 
all have been observed. The lithium atom is credited with three electrons, and BoHr’s 
calculations indicate that while the outer electron is lightly bound, the inner two are 
very strongly bound as compared with the electron in an atom of hydrogen, and even 
more rigidly than the two electrons in a helium atom, Theory and experiment are 
thus in agreement, and the production of enhanced lines of lithium would appear to 
require more powerful spark discharges than those hitherto employed. 

In the case of elements like calcium, which give enhanced lines of Class L, it may 
be supposed that one electron is lightly bound, so that even a flame may effect its 
removal, while a second is removable by the moderate increase in the energy of excitation 
when passing from the flame to the arc. The further increase in the intensities of the 
enhanced lines on passing to the spark may be attributed to the relatively greater 
number of atoms from which two electrons are simultaneously detached. In elements 
like iron, giving enhanced lines of Class IL, the conditions may be supposed similar, 
except that the second electron is removed with somewhat greater difficulty. 

Enhanced lines like Mg 4481 require a modified explanation. Although the series 
to which this line belongs is produced only under spark conditions (or their equivalents 
in modified ares) it is important to bear in mind that the related system of Wide 
doublets, consisting of enhanced lines of Class I., is developed in the ordinary arc. 
Since the term 4N appears in the formule for both systems, BoHr’s theory would lead 
to the supposition that in this case the greater energy of the spark does not result in 
the separation of a third electron from any of the atoms but merely produces some 
change in the configuration of the atomic systems. The experimental data are not 
sufhciently complete to justify the conclusion that such an explanation would be 
applicable to all enhanced lines of Class ITT. 

If, by any means, three electrons could be separated from the nucleus, the appearance 
of lines for which the series constant was raised to 9N would be expected, if Bour’s 
theory is a safe guide. Great energy would apparently be needed to bring about this 
result, and no such series have yet been recognised. A sufficient increase in the energy 
of excitation would presumably yield series requiring still greater multiples of the 
constant N in the formule. 

It will be observed that Bour’s theory gives a more definite conception to LockyEr’s 
earlier view that the varying spectra given by the same substance represent the 
vibrations of different “molecular groupings,” such groupings being simplified by 
successive dissociations brought about by increase of temperature or electrical 
excitation. 

It should be noted that some of the conclusions drawn by Stark from his experi- 
ments on canal-ray spectra are inconsistent with the views of Bonr. In the case of 
helium, Stark has found that the Déppler displacements are smaller for the doublet 
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series (helium group) than for the single line series (‘‘ parhelium” group), and he 
infers that the atoms which act as carriers in the former case have a single positive 
charge, while in the second case there is a double positive charge.* Both sets of series, 
however, are of the “are” type, with N for the series constant, whereas on Bour’s 
theory, one should be of the N, and the other of the 4N type if Srark’s deduction is 
correct. 

In the case of aluminium, Srark has similarly found evidence of atoms with one, 
two, and three positive charges.f The first is associated with the doublets of the arc 
spectrum, the second with a spark line at 4663°5, and the third with three spark lines 
at 4529°7, 4513°0, and 4480°0. Attention is drawn to the fact that the higher charges 
are connected with the enhanced lines, and differences in the behaviour of the two 
sets of spark lines when the spark is passed in hydrogen are indicated. The series to 
which the spark lines of aluminium belong have not yet been recognised, but STaRK’s 
results for this element are in general agreement with the conclusion indicated by 
Bour’s theory that enhanced lines are associated with atoms of greater positive charges 
than those giving rise to are lines. In the case of helium it does not seem possible to 
reconcile STaRK’s conclusions with those of Bor, since the doubly-charged atoms, on 
Bour’s theory, can only give rise to the system of series of which 4686 is the leading 
member. 

STaRK’s conclusions are equally at variance with those of Lenarp,{ who found 
reason to believe that while principal series are produced by neutral atoms, the 
subordinate series originate in atoms which have become positively charged through 
the loss of one or more electrons. Bonr’s theory differs from both in leading to the 
conclusion that all series having the same series constant should be produced by atoms 
having the same charge. 

A knowledge of the charges of the atoms giving the are and enhanced lines 
respectively would possibly aid in the interpretation of the peculiarities of the spectrum 
of the solar chromosphere, and further investigations bearing on this subject are very 
desirable. 

Whatever may be its significance in connection with the atom, the change in the 
character of the series in passing from are to spark lines suggests the spectra of 
“ early-type ” stars as a possible source of series requiring still greater multiples of the 
ordinary series constant in the formule representing them. In passing from the later 
to the earlier type stars, as shown by the work of Lockyrr and others, the arc lines 
of various metallic elements are gradually replaced by enhanced lines, while lines of 
hydrogen, helium, and other gases become more prominent. For such metallic 
elements as are known to belong to series, the change is definitely from series of the 
arc (N) type to series of the spark (4N) type. A considerable number of lines remain 


* « Ann. der Physik,’ vol. 40, p. 540 (1913). 
t+ ‘Ann. der Physik,’ vol. 42, p. 254 (1913). 
t ‘Ann. der Physik,’ vol. 17, p. 197 (1905). 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


262 PROF. A. FOWLER ON SERIES LINES IN SPARK SPECTRA. 


without identification, but a preliminary examination of these has given no certain 
evidence of series for which the series constant would be 9N. 

The Wolf-Rayet (‘‘ bright-line”) stars are of special interest in this connection, as 
they are generally considered to represent the first stage in the condensation of 
nebulous matter into stars, and in many of them the proto-helium lines are a 
prominent feature. NicHoLson has suggested that some of the lines may belong to 
series which can be represented, in wave-lengths, by the formula 


ar ei s64g —\mtay 


(m+4)—4 


where 3646 is the limit of the hydrogen series.* The lines were regarded as a 
possible extension of the hydrogen spectrum, but on the supposition that other lines 
associated with them may coincide with the Balmer series, Dr. Bor has pointed out 
that all the lines might be united in a single series and might be attributed to 
lithium. The binding of an electron by a lithium atom from which the three electrons 
have been removed would, on the theory, give rise to such a series, namely, 


m 
» , ’ 
nu — 36 





A = 3646 


or 


9 x 109675 
n ae 


Wb 


27418— 


This hypothetical series would thus be of the ““9N” type, but its existence in this 
form is not confirmed by the observational data. Omitting the lines which would 
coincide with the ordinary lines of hydrogen, the earlier members of the series would 
be 5697, 5193, 4633, 4466, 42438, &e. Of these only the first, third, and fourth are 
possibly represented in the Wolf-Rayet stars, and since the intensities should degrade 
in regular order in passing from red to violet, the absence of a line at 5193 is 
conclusive proof that the observed lines do not form a series of the “ 9N ” type. 

In a further discussion of the spectra of the Wolf-Rayet stars, NicHoison has 
arranged most of the lines in a number of' series of a different character, in which the 
Rydberg constant is replaced by various fractional parts of its value for hydrogen.t 
The numerical relations traced in this way are very striking, but the individual series 
indicated are very fragmentary, and such lines do not always occur together in the 
same star. The suggested series are also remarkable as involving different fractional 
values of the Rydberg constant for series proceeding to the same limit. 

The general progression from series of the N type to those of the 4N type in passing 
through the stellar sequence would suggest that further change, if any, would be in 
the direction of multiples, rather than fractions, of N in the series formule. It is 


* ‘Monthly Notices R.A.S.,’ vol. 73, p. 382 (1913). 
t ‘Monthly Notices R.A.S.,’ vol. 74, p. 118 (1914). 
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doubtful, however, whether any change beyond that represented by enhanced lines 
should be expected. It is now easy to produce a spectum in which the proto-helium 
line 4686 exceeds any of the ordinary helium lines in brightness, and from the 
persistence of the ordinary helium lines in many of the Wolf-Rayet stars it seems 
reasonable to infer that even in these stars the conditions are not indefinitely in advance 
of those obtainable in laboratory experiments. 


$14. Summary. 


(1) The enhancéd (spark) lines of magnesium, calcium, strontium, and barium form 
series of doublets which occur in groups similar to those previously recognised in are 
spectra. The formule representing these series, however, differ from those employed 
for are lines in that Rypperre’s constant “ N ” (= 109675 for RowLAnn’s scale) has 
a value equal to 4N. 

(2) The Fundamental series, in the Doublet systems of calcium, strontium, and 
barium, as shown by SAUNDERS and LORENSER, derives its limit and the separation of 
its components from an observed negative term of the Diffuse series. In the case of 
magnesium, the corresponding negative term of the Diffuse series, and the Funda- 
mental series which might have been expected, do not exist. 

(3) A new group of series of narrower doublets has been found in magnesium, in 
which the separation of the Sharp and Diffuse pairs is identical with the (calculated) 
separation of the second pair of the Principal series of wider doublets. The new group 
is designated the “ F.P.” system; in addition to the ordinary series it includes two 
well-marked combination series, each consisting of seven observed lines. 

(4) The “ 4481” series of magnesium consists of very close doublets with constant 
separation, and forms the Fundamental series of the “ F.P.” system. Its limits are 
derived from the first negative term of the Diffuse series. 

(5) Corresponding series of the “ F.P.” and Wide doublet systems run parallel to 
each other, but notwithstanding this numerical relation, the two systems do not 
necessarily co-exist, the wider doublets occurring in the ordinary arc as well as in the 
spark, while the “ F.P.” group occurs only under spark conditions or their equivalent 
in the region of the negative pole of an are im vacuo. 

(6) No numerical relations have been traced between any of the enhanced line 
series and the series of are lines of the same element. 

(7) The “4686” series produced in helium tubes is of the enhanced line (4N) type, 
and can no longer be considered to belong to the same group as the Balmer series of 
hydrogen, which is of the are (N) type. It is concluded that these lines are due to 
helium, as indicated by Dr. Bour from theoretical considerations. It is suggested 
that they should be designated “ proto-helium ” lines. 

(8) Analogy with the “4481” series of magnesium indicates that the “ 4686 " series 
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of proto-helium is primarily of the Fundamental type; the three associated series 
may be regarded as coincident with it. 

(9) The “ Pickering ” lines associated with the “ 4686” series are also probably due 
to proto-helium, in which case the series would include lines nearly coincident with 
the Balmer series. The observational evidence on this point is incomplete, but the 
assignment of these lines to proto-helium is supported by the fact that one of the new 
combination series of magnesium is related to the “4481” series exactly as the 
extended Pickering series would be related to the “ 4686 ” series. 

(10) The slight differences between the observed positions of alternate lines of the 
“4686” series and those calculated by RyppBeEre for the “ Principal” series of hydrogen 
are in very close agreement with Bour’s theoretical formule for hydrogen and proto- 
helium. Adopting these formule, the spectroscopic data give a provisional value for 
the mass of the hydrogen atom, in terms of that of the electron, as 1836+12; or 
1855+12 when the data are corrected to the International scale of wave-lengths. 

(11) The appearance of the Rydberg constant in enhanced lines series with four 
times its usual value may be explained on Bour’s theory by supposing that series of 
the arc type are produced when only one electron is removed from each of the atoms 
involved, while in the case of enhanced lines two electrons are removed. 

(12) A preliminary examination of terrestrial and celestial spectra has given no 
indications of series requiring still greater multiples of the Rydberg constant in the 
formule representing them. 


The author has pleasure in acknowledging his obligations to Mr. W. JEvons, 
A.R.G.S., D.LC., BSe., who has taken the new photographs of the magnesium 
spectrum, and has-given much valuable assistance in other ways. 


APPENDIX. 


The wave-lengths (on the International scale) of the enhanced lines of magnesium, 
as observed in the are in vacuo in the course of the foregoing investigation, are 
brought together in Table XVI. The letters indicating the series to which the lines 
belong have the significance given in the description of Plate 3. For complete- 
ness additional lines observed by LoreNnsER and by LyMAN are also included, 
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DESCRIPTION OF PLATE. 


The photographs are of the spectrum of the magnesium are in vacuo. The letters 
indicate the series to which the lines belong, and have the following significance :— 


Principal series 

Diffuse - jit doublet system. 

Sharp * 
, Principal _,, 
Diffuse zs 
Sharp z 
Fundamental series “ F.P.” doublet system. 
Combination ,, A 

* ac ll 


Other combination lines 


aah § 


Enhanced lines 


<< 


F 
F 
j 
| 


Qe > 


R,, Rydberg series of single lines (Diffuse). 
Are lines R,, re) ” ; ” 9 (Sharp). 

T,, Diffuse series of triplets. 

) # Sharp 39 29 


1, 2, 3 show. chiefly the two Combination series of enhanced lines and the “ F.P.” 
doublets near the Fundamental line ) 4481. 


4, 5 show further members of the “F.P.” system and the Wide doublets in the 
ultra-violet. 


6, 7—Grating, 4th order—enlarged about eleven times. 24481 (dA = 0°198) and 
13105 (dA = 0°092) respectively, each with a longer and a shorter exposure. 


8, the “ I’.P.” Combination doublet (\ 8850, \ 3848) near the Diffuse triplet. 
Lines of impurities — Na, Hg, Ca, Ba, H. 


Bands of magnesium hydride (5211, 4802). 


(J) sore (J) 18t¥ 






Phil. Trans., A, vol. 214, Plate 8. 
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VI. The Ultra- Violet Band of Ammonia, and its Occurrence in the 
Solar Spectrum. 


By A. Fowtrr, F.R.S., Professor of Astrophysics, and C. C. L. Gregory, B.A., 
Research Student, Imperial College, South Kensington. 


Received December 15, 1917,—Read January 24, 1918. 
[PLATE 2. | 


Introductory. 


A QUESTION of great interest in connection with the solar spectrum is that of the 
origin of the thousands of unidentified faint lines which were catalogued by RowLanp 
in his “‘ Preliminary Table of Solar Spectrum Wave-lengths.” Some of these lines 
may possibly be identical with faint lines in metallic spectra which have not yet been 
completely tabulated, but in view of the presence of bands of cyanogen, carbon and 
hydrocarbon, the possibility of the correspondence of most of them with band spectra 
of other substances should not be overlooked. 

As a contribution to this inquiry, the present investigation was undertaken 
primarily in order to determine whether Group P in the ultra-violet region of the 
solar spectrum might not be mainly due to the presence of ammonia in the 
absorbing atmosphere of the sun. Ammonia was already known to give a remark- 
able band in this region, having its position of maximum intensity near \ 3360, but 
it had not been investigated in sufficient detail to permit of an adequate comparison 
with the solar tables. Photographs have accordingly been taken with spectrographs 
of high resolving power for the purpose of this comparison, and, as will appear from 
the details which follow, ié has been established that the ammonia band is certainly 


. represented in the solar spectrum, and accounts for a considerable number of faint 


lines for which no other origins have been suggested. 
In view of the unusual appearance of the band, an attempt has also been made 
to elucidate the chief features of its structure. 


Previous Observations. 


The characteristic ultra-violet band of ammonia, about \ 3360, appears to have 
been first described by Eprr, who observed it in the flame of ammonia burning in 
VOL, COXVIIT,—A 566. 3 A [Published June 5, 1919. 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


392 PROF. A. FOWLER AND MR. C. C. L. GREGORY ON THE ULTRA-VIOLET 


oxygen.* Other bands in the ultra-violet which were attributed to ammonia by 
Eper were afterwards found to be identical with DesLanpres’ third positive group 
of bands of nitrogen. New determinations of the positions of the ammonia bands in 
the visible spectrum were also made by Epgr, but it is not necessary to consider 
these for the present investigation. In the case of the ultra-violet band, the thirty- 
four wave-lengths tabulated by Eprr evidently refer to unresolved groups of band 
lines, and only serve for identification when instruments of small resolving power are 
employed. 

More recently, the band has been described and illustrated by Lewis, as it appears 
in the spectra of vacuum tubes containing mixtures of nitrogen and hydrogen.t Its 
occurrence was observed with these gases in any proportion, but not in the case of 
either gas alone. As obtained in this way, the band was complicated by superposed 
bands of nitrogen, and higher resolution than that employed was considered necessary 
to effect the separation satisfactorily. 

The band in question has been noted occasionally in various experiments carried 
on at the Imperial College during several years. It has been observed in the flame 
of imperfectly dried cyanogen, in the spectra of vacuum tubes, and with enclosed 
ares under reduced pressure, as well as in the ammonia flame itself. In all cases the 
band appeared under circumstances in which its presence could be attributed to 
combined nitrogen and hydrogen, but the spectroscopic evidence does not exclude the 
possibility of some combination other than ammonia. In the course of the present 
investigation it has further been found that the brighter parts of the band sometimes 
occur feebly in the spectrum of the copper are, and even in that of the ordinary 
carbon are in air. 


Experimental Procedure. 


A preliminary investigation was undertaken to find a source that would give the 
band sufficiently isolated, and at the same time bright enough to be photographed 
with high dispersion. Vacuum tube methods proved unsatisfactory on account of 
the superposition of bands of nitrogen. The purest band was obtained from an 
ammonia flame fed with oxygen. An ordinary blowpipe was found to be a convenient 
arrangement, ammonia being passed through the outer tube, and a stream of oxygen: 
through the inner one. The apparatus employed is illustrated in fig. 1. Ammonia 
of specific gravity 0°880 contained in the flask A was heated by a Bunsen flame, but 
not sufficiently to cause the liquid to boil. The vessel B was introduced as a means 
of condensing most of the water vapour, which otherwise condensed in the tubes of 
the blowpipe and extinguished the flame. The mercury gauge at C provided a 
convenient means of measuring the pressure, which was maintained at about 10 cm. 
of mercury. Oxygen was supplied from a cylinder of the compressed gas. The 


* «Denkschr. Wien Akad,,’ vol. 60, p. 1 (1893). 
+ ‘ Astrophys. Jour.,’ vol. 40, p. 154 (1914). 
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flame produced in this way could be kept fairly steady, and had a small, but 


intensely bright, central core of a yellow colour, which was surrounded by a paler 
envelope. ‘The flame was pointed in the direction of the collimator of the spectro- 
graph, and an image of the bright central core was focussed on the slit by a quartz lens. 
Photographs were first taken with a small quartz spectrograph giving a dispersion of 
about 60A per millimetre at \ 3360, and with a quartz Littrow instrument giving a 
dispersion in the same region of 7A per millimetre. | 

In view of the need for the highest attainable resolution of the central parts of the 
band, an attempt was made to photograph the spectrum of the flame in the 3rd order 
of a 10-foot concave grating, in which the dispersion is 1°85A per millimetre. An 
exposure of 12 hours, however, yielded only a feeble trace of the band, and it was 





C yl li 
OXYGEN f 
Fig. 1. Apparatus employed for ammonia flame. 


evident that very much longer exposures would be necessary to give satisfactory 
photographs for measurement. Difficulties were anticipated in maintaining steady 
instrumental conditions, as the regular mounting is still detained in Russia, and only 
a temporary arrangement of the grating was available. 

Advantage was therefore taken of the possibility of producing the band in the 
electric arc, which had previously been noted in the course of experiments made for 
other purposes. In the first arrangement tried the are was enclosed in a glass globe 
provided with side tubes for the admission of the electrodes, and with a quartz 
window through which the are could be observed, as in a previous investigation on 
the spectrum of magnesium.* It was found, however, that the quartz window 
became obscured by the condensation of water-vapour, and it was therefore replaced 

* *Phil. Trans.,’ A, vol. 209, p. 449 (1909). 
3 A 2 
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by a metal disc having a small aperture through which the light of the are could 
pass to the spectrograph. A constant stream of ammonia, which was drawn off by a 
water pump, was caused to flow through the apparatus, The are was on a 200-volt 
circuit, and the current used was 1°8 amperes. The electrodes were of copper. 

The grating was mounted so as to give a normal spectrum, and precautions were 
taken to avoid mechanical displacements. The temperature of the laboratory was 
also kept as constant as possible during the exposures, which were of about 
60 minutes’ duration, An internal shutter, detached from the other parts of the 
spectrograph, was arranged next the plate to allow of two comparison spectra being 
photographed, one before and one after the ammonia spectrum. 

A photograph of the copper are in air, which was taken to facilitate the elimination 
of lines introduced by the electrodes, showed that the copper employed contained 
impurities of nickel and silver. In the case of very strong lines, “ ghosts” were also 
present, and there were a few lines belonging to the second and fourth order spectra ; 
these are marked by double dots in fig. V., Plate 2. 

The ammonia band occurs incidentally in an excellent photograph of the magnesium 
arc under reduced pressure, taken in 1918 by Mr. W. Jrvons, in the 4th order of 
the 10-foot grating; the band is here somewhat confused by nitrogen, but many of 
the ammonia lines can be quite certainly identified, and the high resolution has been 
of special value in connection with very close groups near the extreme ends of the 
band. 

General Description of the Band. 


The general features of the ammonia band will be best gathered from the 
photographs reproduced in Plate 2. With low dispersion, as will be seen from fig. I., 
the band resembles a double line having components of unequal intensity, but there 
are indications of banded structure on both sides in photographs which have received 
sufficient exposure. With somewhat higher dispersion, as in fig. IL, the real 
structure of the band becomes more evident; it shows a closer resemblance to the 
ordinary type of band, such as those found in nitrogen, with the exception that the 
component lines fade off in both directions from the apparent head. 

In fig. ITI., taken with the still higher dispersion of the quartz Littrow spectro- 
graph, many of the band lines are resolved into groups of three, which cannot 
properly be called triplets on account of the variable spacing. The central maximum 
about 3360, however, remains imperfectly resolved. With the highest resolution 
employed—that of the 3rd order grating—additional groups of three are separated, 
and the central maximum is seen to consist of a great number of closely crowded lines 
(figs. IV. and V.). The secondary central maximum about 8371, which corresponds to 
the weaker component of the doublet which represents the band with low dispersion, 
is also resolved into a large number of component lines. It will be observed that 
while the central maximum degrades in both directions, the secondary maximum 
degrades only towards the red. , 
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In the arc, the central and secondary maxima are more fully developed than in the 
flame, in the sense that the band lines extend to greater distances from the two 
heads. That the majority of the additional lines are really due to ammonia, and 
have not been introduced from other possible sources in the are, is sufficiently proved 
by the series investigation, which shows that many of them are associated with the 
lines which appear in the flame. This greater development of the central parts of 
the band in the are is accompanied by a weakening of the groups of three in the 
vicinity of the maxima, and a relative intensification of those further away. 

Similar modifications have also been noted in the case of vacuum tube spectra 
when discharges of different intensity have been employed. No special experiments 
have been made in this connection, but in some photographs of the spectrum of 
nitrogen where ammonia appears as an impurity, it has been observed that the groups 
of three near the central maxima are developed relatively strongly by feeble 
discharges, while strong discharges enhance the groups away from the maxima. 
Increased intensity of discharge thus appears to produce the same change of 
spectrum as the increase of temperature in passing from the flame to the are. 

Estimates of the intensities of the lines in both flame and are have accordingly 
been included in the general list (Table V.), but the comparison of the two sources 


in the region of the central maximum is incomplete on account of the smaller 


resolution in the photographs of the flame spectrum. 

The wave-lengths of the lines were determined in the usual manner by inter- 
polation with respect to lines of iron, as given by Burns. Lines of nickel originating 
in the poles employed for the are spectrum, for which wave-lengths are also given by 
Burns, served for the detection of small displacements of the reference spectra, and 
to indicate the corrections to be applied. Most of the lines could be measured on the 
grating plates of the arc spectrum, but some were obscured by lines due to the poles, 
and their positions were necessarily determined from the quartz Littrow photographs 
of the fame spectrum. It is hoped that in most cases the wave-lengths are accurate 
to within 0°01A. 

Details of the wave-lengths and intensities are included in Table V. 


Structure of the Band. 


The Groups of Three—A considerable amount of regularity in the structure of 
the ammonia band is obvious by mere inspection of the photographs. This is 
especially the case with regard to the groups of three, which extend for more than 
70A on each side of the central maximum. There are three series on the less 
refrangible side which coalesce towards the red, and three on the more refrangible 
side which coalesce towards the violet. To facilitate discussion, those on the less 
refrangible side have been designated «, 8, y, and those on the more refrangible side 
6, e, ¢, in order of increasing refrangibility in the groups of three in each case. 
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Data for the consideration of the regularity in these series are collected in 
Tables I. and II., the first referring to a, 8, y, and the second to d, «, & The wave- 


TABLE I.—The Series «, 8, y. 


| 
| 


a series. B series. y series, 
| | | | 

A, IA. | », vac. dy ide | ALA : v, VAC. d,. | de. 
J ibs ! 


es oS 








| 
| 














3450°36 | 28,974-34 | 3450°36 (28,974 34 
28°33. 28°33 
46°99 | 29,002°67 - 3} 46°99 | 29,002°67 =% 
28°05 98°13 
43°66*| 030°72 - 8| 43°65*, 030°80 ae 
27°77 27 +85 
40°37* 058°49 | — O| 40°35*| 058-65 j 
| 27°81) 97°91 
| 37-08*|  086°30 | 4] 37°05* 086-56 1 
27°95. | 28-03 
33°78 114°25 1| 33°74!) 114°59 2 
28°00 | 98+ 25 
80°48 | 142-25 | 3} 30°41 | 142°84 2 
| 28°32 28°40 
97°15 | 170°57 | 1] 97°07 171°24 4 
| 98°45 28°80 
23°81 199-02 4} 23°69 200° 04 3 
98°86 29-12 | 
20°43 227-88 1} 20°28 229°16 1 
29°00 29°17 
17:04 256°88 1} 16°87 258° 33 3 
29°13 29°49 
13°64 | 286-01 2) 13°43 28782 4 
29°37 29°89 
10°29 315-38 2) 09°95 317°71 4 
| 29°60 30°28 
06°78 | 344-98 31 06°43 347°99 9 
| 29-99 30°44 
3403°31 374-90 3/3402°90 378°43 3 
| 30°24 30°78 
3399-81 405°14 213399°34 409°21 3 
| 30°39 31°09 
96°30 435°53 2) 95-75 440° 30 4 
30°54 31°50 
92°78 | 466:07 3; 92-12 471-80 3 
30°85 31°83 
89°23 | 496:92 -~ 1| 88:46 503-63 4 
30°76 32°25 
85°70 | 527-68 - 1| 84:76] 535-88 3 
30°64 32°50 
82°19 558 * 32 ~ 2| 81°04| 568°38 6 
| 30°44 33°09 
| 78:71 | 588°76 - 8| 77:26| 601°47 13 
| 29°63 34°40 
| 75°33 618°39 —21| 73°34% 635°87 
27°58 


* Unresolved ; separations assumed. | | 
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TasBLe IJ,—The Series 4, e, & 








, 


5 series. : € series. 
| 
) 





) 
A, LA. v, Vac, d;. | dy | A, LA. 











| 

| 
3358-04 4 29,970°85 
29 |3350°85 | 29,834°77 | | 





res 











39°19 
53°63 | 810-04 
36°31 128-79} | | 
49°55 | 846°35 13 | 47°62) 863-56 | — 20 3346°42 | 29,874 26 
a 35°06 30°80 98-68 
Q 45°62 | 881-41 _ 11 | 44°17 | 894°36 — 4) 43°21]  902°94 | 138 
a 33°99 31:23 30-00 
> 41°82 | 915-40 7| 40°68 | 925-59 —~ 1| 39°86 | 932°94 | Lig 
S 33°33 | 31°30 30°23 
a 38:10 | 948-73 7 | 37°19] 956°89 1} 36°49 963-17 a5 
= 32°59 31-18 | 30°39 | 
5 34°47 | 29,981°32 | 5 | 33-72 | 29,988-07 1/ 33°11 |.29,993-56 I 
= 32°14 31:06) 30°26; 
5 30°90 | 30,013 46 | 6 | 30°27 | 30,019°13 . 4) 29°75 | 30,023-82 1 
im 31°57 30°68 30°15 
‘= 27°40 | 045:03 7| 26°87 | 049°81 5} 26°41 | 053-97 4 
a= 30°91 30°20 29°77 
= 23°98 | 075°94 6| 23°53| 080-01 5} 23°12] 083-74 5 
3 30°34 | 29-72 29 +26 
ea | 20°63 | 106°28 8 | 20°25/| 109°73 6) 19°89} 113-00 6 
oO 29°68 29°13 | 28°67 
Q 17°37 135°86 6| 17°04! 138°86 | 6) 16°73] 141°67 5 
D 29°00 | 28°55 | 28-20 
a 14°18 164° 86 8 | 13°90 167°41 8| 13°63 169° 87 8 
© 28°16 | 97°79) | 27°43 
= 11:09 | 193:02 9} 10°85 | 195-20 9, 10°62} 197°30 8 
x 27°29 | 26°93 26°65 
= 08-10 220°31 9 | 07°90 222-13 9, 07°70 223° 95 8 
: 26°42 26°07 25°89 
3 05:21 | 246°73 9 | 05°05 248-20 J 04°87 | 249°84 10 
a 25°55 | 25°18 24°9] 
‘ 3302°42 | 272-28 12 |3302°30 | 273°38 11/3302°15 | 274-75 10 
ES 24°40 24°13 23°96 
iS 3299°76 | 296°68 11 |3299°67 | 297°51 11/3299°54 | 298-71 11 
= 23°26 23°07 . 92°88 
2 97°23 | 319°94 11 | 97°16) 320°58 13, 97-05 | 321-59 13 
A 22°17 21°81 21°62 
94°82 | 342-11 15 | 94°79 | 342-39 14| 94°70 |} 343°21 14 
20°67 20°46 20°19 
92°58*| 362°78 15 | 92°57*| 362-85 13| 92°51 |  363°40 12 
19°17 19°19 : 19°01 
90°50*, 381-95 13 | 90°49* 382-04 15, 90°45 | 382-41 
17°83 | 17°74 | 
- 88°57 | 399-78 18 | 88°57 399-78 17 
16°00 16°00 


86°84 415°78 86°84 415°78 
* Unresolved ; separations assumed. 


length on the international scale (A, I.A.), the wave number in vacuo (y), and the 
first and second differences (d, and d.) are shown for each series. The figures in the 
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second decimal place in v and d, are entitled to but little weight, but they have been 
included for the more consistent determination of d,, which is given in tenths. The 
observed positions of some of the unresolved «8 and de pairs are replaced by estimated 
positions of the components, in order that the course of the series may be more 
completely traced. 

When due allowance is made for irregularities in the second differences, which are 
very sensitive to small errors in the wave-lengths, it is clear that the series as a whole 
cannot be satisfactorily represented by the usual approximate formula » = a+b 
(m+n). Such a formula represents a series in which the distances between 
successive lines (d,) are in arithmetical progression, so that the second differences (d,) 
would be constant, and not one of the series approximates closely to this condition. 

The actual wave-numbers of the members of the different series could only be 
effectively plotted on a very large scale, but the peculiarities of the series can be 
shown better in some respects by curves which have d, for ordinates, and successive 
integral values of m for abscissze, the initial value of m being chosen arbitrarily. 
Such curves are shown in fig. 2, and it will be seen that they depart widely from the 
linear form implied by the above-mentioned formula. The curves also fail to show 
any symmetry in the arrangement of the groups of series on the two sides of the 
central maximum, such as might have been expected from the general appearance of 
the spectrum. 

Considering the series a,8,y, it will be seen that they begin with coincident, or 
nearly coincident, faint lines on the red side, and that the distance from line to line at 
first diminishes slightly and then increases. In 8 and y the subsequent increase is 
continuous, so far as the series can be identified, and if the later lines have been 
correctly assigned, no other members in the immediate neighbourhood are to ba 
expected. In the @ series, the distance d, passes through a maximum value, as in the 
case of the main series of \ 3883 cyanogen which has recently been further discussed 
by Brrez.* The « curve, however, differs from the cyanogen curves in haying a 
double curvature, and while the greatest value of d, occurs among the weaker lines 
near the end of the series in cyanogen, it occurs among the brighter members in 
ammonia «. The later portion of the a curve is rather steep, and the identification of 
the next member of the series, which is involved in the secondary central maximum, 
is consequently difficult ; the line \ 3372°19 (» 29645'97), however, fits fairly well on 
the continued curve, and if this really belongs to the series it would probably be the 
last member. 

The series 4, e, ¢, resemble the first three in commencing with faint unresolved lines, 
which are far removed from the central maximum, but the d,—m curves show no 
change of curvature near the beginning of the series. In the d series the distance 
between successive lines increases continuously as the central maximum is approached, 

but in e and ¢ it passes through a maximum as in @. 
) * * Astrophys. Jour,,’ vol. 46, p. 85 (September, 1917). 
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Brree has found a hyperbolic relation between d, and m in the case of cyanogen, 
but it does not seem that this is applicable to the series under consideration, with the 
possible exception of « and ¢ While it is possible to give approximate formule of the 
usual type for these series over a large part of their ranges, there seems little hope at 
present of finding any accurate formula which can be adapted to all of them. One 
can hardly resist the conclusion that there is some connection between the groups of 
three and the central maxima, but no numerical relation has yet been established. 


m O 5 10 15 20 20 15 10 5 0 40 
a ts ee De ae as 





35 35 
30 30 
25 25 
20 20 
15 : 15 


Fig. 2. Curves representing the varying distances between successive lines in the series « to y. 
(The dotted portions of the curves are somewhat doubtful.) 


It should be noted that in addition to the main series formed from the groups of 
three, there are other fragmentary series of fainter lines having intervals between 
successive lines of the same order of magnitude as those of the main series. These are 
indicated in the general table by a’, «”, and J. 

The Central Maxima.—The series which constitute the central and secondary 
maxima, so far as they have been identified, do not appear to present any unusual 

VOL, CCXVIII,—A, 3B 
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features. In each case there are several superposed series, and some of the lines, 
which are probably unresolved composites, have to be assigned to two or more series, 
The probable series belonging to the secondary maximum have been designated a, ay, 
a,, and a,; those on the red side of the chief maximum ), and b,; and those on the 
more refrangible side of the chief maximum ¢,, c,, and ¢,. There is some uncertainty 
as to the ¢ series, as alternative arrangements of the lines appear to be consistent with 
series relationships. | 
The lines belonging to the various series are indicated in the general table, but a 
clearer idea of their character may be obtained from fig. 8, where the series are plotted 
to scale. The complete spectrum is first shown, with lines of lengths proportional to 
the intensities, and below these are drawn the separate series. It will be seen that a 
large proportion of. the band lines fall into the nine series, and it is quite probable 
that all of them could be assigned to series if it were possible to employ still greater 
337 338 
g 0 0 


eens || 6) el 16 TR i a I Ged ppl }3 


Fig. 3. Resolution of the central and secondary maxima into series. 


resolving power. It will suffice to give numerical data for 6, as a further indication 
of the characteristics of the series involved in the central maximum, These are 
shown in Table III. 


The series is closely represented by the formula— 
vy = 29755'176—0°6935m + 0°03327 m?—0°008326m*. 


where m has values ranging from 3 to 21. The greatest deviation in wave-number is 
0°41, corresponding to a difference of 0°045A between the observed and calculated 
values. The differences between the observed and calculated wave-numbers are shown 
in the last column of the table, and it will be seen that they are sufficiently systematic 
to indicate the imperfection of the formula. There would be no difficulty in ealculating 
such formule for the other series, but it is not clear that they would serve any 


immediately useful purpose. 
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Taste [[].—Series }, of the Central Maximum. 








A, LA. v, Vac. dy. dy. O-C.tT 
3368°53 2967818 | 0-00* 
10°14 | 
67°38 88°32 1°2 +0°31 
8-99 
66°36 97°31 1-0 +0°41 
7:95 
65°46 29705 * 26 0-9 +0°35 
S 64°66 12°32 08 +0°22 
CN 6°28 
= 63-95 18°60 0-7 +0°1] 
> 5°56 
No 63°32 24°16 - 0°6 0:00* 
2 4°95 | 
S 62°76 29°11 0-5 | ~ 0:03 
= 4°49 
5 62°26 33°53 0:7 +0°04 
on 3°72 
Ss 61°84 37°25 0°5 —0°01 
Za 3°27 
"D - 
3 61°47 40°52 0-5 +0°03 
= 2°75 
> 61:16 43°27 0°5 +0:03 
aS 2-299 
S 60°90 45°56 0:3 0:00* 
Z 1°95 
> 60°68 47°51 0°2 +0°02 
. 1°77 
ical 
> 60°48 49-28 0:3 +0:18 
i= 1°50 
= 60°31 50°78 0-4 +0°37 
= 1°06 
S 60°19 51°84 0°3 +0°34 
ae 0:80 
© 60°10 52°64 0-3 +024 
Z 60°04 53°17 0-00* 
3 1 a ee) ae ee —_- 
a * Used in caleulation of constants. 


+ O-—C is expressed in wave-number. 


Comparison with the Solar Spectrum. 


Details of the comparison with the solar spectrum are included in the general 
catalogue of ammonia band lines given in Table V. To facilitate the comparison, the 
wave-lengths of the ammonia lines have been corrected to the scale of RowLanp by 
the addition of 0°14A, as shown in the fifth column. The entries under “sun” are 
taken directly from Row Lannp’s table, and in the densest region of the central 
maximum, extending from 3363°5 to 3358°0, the solar lines have been tabulated in 

3B 2 
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full. A direct comparison of the two spectra in the neighbourhood of the central 
maximum is given in fig. 5, Plate 1, where the ammonia spectrum is reproduced as a 
negative in order to represent its appearance in absorption. 

The comparison is complicated by the approximate coincidences of many of the 
ammonia lines with lines of metallic origin in the solar spectrum, or with unidentified 
lines which have intensities too great to allow of their being assigned to ammonia alone. 
As Row anp’s limit of resolution appears to be about 0°04A, ammonia lines may 
evidently be masked in this way by solar lines showing considerable differences in 
wave-length. Direct evidence of the presence of all the ammonia lines in the sun, 
such as would be afforded by identity of wave-lengths throughout, is therefore not to 
be expected. 

There is also some uncertainty as to the completeness of RowLanp’s list of wave- 
lengths, and as to the uniformity of his estimates of intensity. In this connection, a 
photograph of the solar spectrum in the Hiaes’ collection of the Royal Astronomical 
Society has been to some extent utilised as a general check on RowLAND in the region 
of the ammonia band. While the tabulated intensities on the whole were closely 
confirmed, there are several lines for which Row1Lanp’s estimates appear to need 
revision. Attention is drawn to some of these in the column of remarks in Table V. 
As regards the wave-lengths, the relation between the international scale and the 
scale of RowLAND is by no means simple. Comparison of the solar lines with the 
positions on the international scale given for the iron and nickel lines by BURNS 
shows that whilst the average difference in the region of the ammonia band is about 
0°14A, there is no consistent agreement among the different lines. Deviations from the 
mean in aselected region frequently amount to nearly 0°01 A, and there are occasional 
variations of 0°02A and upwards. These irregularities are not necessarily due wholly 
to errors of measurement, but may also be caused by differences in the effective level 
at which the various lines are produced in the solar atmosphere. It would seem, 
however, that if due regard be paid to intensities, coincidences within 0°02A may not 
be without significance. 

Notwithstanding the difficulties affecting the comparison, there is abundant 


evidence that the ammonia band is present in the solar spectrum. The most 


convincing proof is perhaps afforded by the strongest part of the central maximum, 
extending from 3360°45 to 3360°08 (RowLAND’s scale). As will be seen from fig. V., 
Plate 2, and from Table V., there is a complete correspondence of the solar and 
laboratory spectra as regards this group, except that the line 3360°45 may be slightly 
reinforced in the sun by a line of nickel.* This agreement is emphasised by the 
presence of a background of dark continuous spectrum which is sharply bounded in 
each of the two spectra by the outer two of the five lines involved. There is a similar 
dark ground covering the adjacent group 3360°82 to 3360°63, which is also clearly 
common to the two spectra. 
* A nickel line in this position is given by RowLanp, but not by Exner and HascHek. 
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The coincidences in the case of the central maximum as a whole are scarcely less 
striking. The majority of the solar lines in this region in fact appear to be due to 
ammonia, as will be seen from the table, where the solar lines from 3363'4 to 3358°0 
are tabulated in full in order to bring out this feature. In this small region there 
are 47 solar lines, at an average distance apart of 0°117A, and 37 ammonia band lings, 
at an average distance of 0°149A. Thirty-four of the ammonia lines are either 
represented directly by reasonably appropriate lines in RowLAnp’s table, or fall upon 
solar lines of recognised or probable metallic origins. The absence of one of the 
remaining three lines is satisfactorily accounted for by its low intensity. In the case 
of the outstanding lines 3361°61 and 3359°89, the solar line corresponding to the first 
appears to be masked by dark ground extending between the adjacent solar lines, 
while the second is probably included in the nebulous line 3359°936. The coincidences 
are clearly too numerous and too systematic to be considered accidental.* Confirmative 
evidence of their reality is afforded by the identity of narrow bright interspaces in the 
two spectra, especially those at 3361°0, 3360°9, 3360°5, 3360°0, 3359°7, and 3359°5, 
which will be clearly seen on reference to the photographs, these appear to be produced 
by patches of continuous background which are common to the two spectra. The 
discussion of the central maximum may thus be considered to establish the presence 
of ammonia in the sun beyond all doubt. 

Analysis of the secondary maximum, occupying the region 3371 to 3878, leads to a 
similar conclusion, and there can be no doubt that the majority of the coincidences of 
lines of ammonia with faint solar lines in this part of the spectrum also have a real 
significance. 

As regards the groups of three, forming the series « to ¢, there is also a close general 
agreement, and the few irregularities may well be caused by imperfect estimates of 
the wave-lengths and intensities in the two spectra, or by the approximate super- 
position of lines of other substances. If it were not for interference by metallic 
lines in the case of the sun, a good test would be provided by the series investigations. 
Supposing the coincidences to be genuine, the wave-lengths of the solar lines should 
show the series relations with the same order of accuracy as those of the ammonia lines 
themselves, and the intensities of the lines should be consistent with the series 
relationship. This test cannot be completely applied to any one of the six series, on 
account of near coincidences with metallic lines, but it may be worth while to take 
the chief lines of the dseries as an illustration. The facts with regard to these are 
collected in Table IV. 

It will be observed that while three of the metallic lines (8341°967, 3320°788, 


* In order to get a rough idea of the proportion of coincidences which might be merely accidental, the 
37 ammonia wave-lengths in the region 3363°5 to 3358-0 were compared with the 47 solar lines from 
3563°5 to 3558°0. The total number of approximate coincidences yas 14, as compared with 34 in the 
true region, and of these, 5 were with lines assigned to metals. There was no systematic agreement 
of intensities in this case. 
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Taste. [V.—Evidence for 3 Series in the Solar Spectrum, 





Ammonia. Sun. 


—— —«—_—— — _ —_—— ee : er oo LL 
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Intensity A dy dy, 
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4 3349-69 7. | 00 3349-695 | 
) 3°934 — 
| 4 45°76 13 | 00 45-761 | 140 
3°80 3°794 — 
$ | 4196 | 08 a ee es 074 
| | 3°72 3-720 || , 
4 38-24 | “oe len 8 0 38°247 086 | 
3°63 | 3°634 | 
4 34°61 06 0 34°613 | 077 | 
| 3°57 3°557 | 
5 31-04 07 IN 31-056 084 
3°50 3°523 
5 27°54 08 Ni y) 27-°533 119 
3°42 | 3-404 
5 24°12 | 07 0 | 24-129 058 
| 3°35 | 3-346 
4 20°77 09 Mn, Fe | 9 20°783 | 077 
3°26 3°269 — 
3 17°51 07 0 17°514 089 
| 3°19 | 3-180 
Dell 14°32 | | 10 Mn 0 14-334 : 084 
| 3-09 3°096 
3 11°23 \ 0 11-238 097 
2-99 2999 
3 08:24 10 ON 08-239 | 114 
9+89 2°885 
9 05°35 000 05°354 


3314°334) produce no appreciable disturbance of the first and second differences, 
some disturbance is caused by the unidentified line 3331°056, and by the nickel line 
3327°533. If, however, the former be assumed to include a line shorter in wave- 
length by only 0°016A, and the latter to include a line of wave-length greater by 
0°010A, the series connection would be shown as accurately by the solar lines as by 
those of ammonia.* The probable composite character of 3331°056 is in fact 
suggested by its nebulous appearance, and by its intensity being too great to allow of _ 
its being assigned wholly to ammonia. The agreement in the intensities is also 
satisfactory on the whole. The series investigation, so far as it goes, thus confirms 
the identification of some of the solar lines with band lines of ammonia. A general 
consideration of the intensities of the representatives of the « to ¢ series in the solar 
spectrum appears to indicate a closer agreement with the arc than with the flame 
spectrum, the lines in the netghbourhood of the central maximum being relatively 


* The second differences 077, 034, 119, 058 would then become 061, 076, 083, 068, 
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enfeebled in each case. This is in accordance with the fact that all the brighter lines 
composing the central and secondary maxima as seen in the are, some of which do not 
occur in the flame, are represented in the solar spectrum. 

The outcome of the comparison is to show that of the 260 band lines of ammonia in 
the region \ 3450 to 13286, there are about 140 which correspond with previously 
unidentified faint lines in the solar spectrum. About 100 of the remaining lines are 
obscured by lines for which metallic origins have been found, or fall upon lines which 
are too strong in the sun to be attributed entirely to ammonia, and the few which 
fail to appear in the sun are all of low intensity. 

It may be that additional solar lines are identical with lines composing the bands 
of ammonia which appear in the visible spectrum, but there are at present no 
experimental data for effective comparison. 


Description of Table V. 


The first five columns of the table give details of the ammonia band lines, showing 
the series to which they have been assigned, the intensities in the flame and arc, and 
the wave-lengths on the international and Row.anp scales. The following three 
columns show the wave-lengths, intensities, and origins of solar lines occupying about 
the same positions as the ammonia lines, as given by RowLanp. Between \ 3363°5 
and \ 3358°0 all the solar lines are tabulated, in order to show the large proportion 
due to ammonia in the region of the central maximum of the ammonia band. In the 
column of remarks, the following references have been adopted to avoid repetition. 


(1) Solar line probably not wholly due to ammonia, as indicated by excessive 
intensity. ; 

(2) Intensity of solar line probably over-estimated by RowLanp, as inferred from 
a Hraas’ photograph. 

(3) Very close ammonia lines, which are only vaguely resolved in the 3rd order of 
the 10-foot grating. - 


It should be noted that the resolving power in the case of the flame was less than 
that in the case of the are spectrum. 
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366 PROF. A. FOWLER AND MR. C. C. L. GREGORY ON THE ULTRA-VIOLET 
TaBLE V.—Catalogue of Ammonia Band Lines, with Solar Comparisons. 
Ammonia. | Sun. 
Intensity. Wave-length. Remarks. 
Series = = = —— —— A Inten- Origin 
| | | Rowzanp. sity. rr 
Flame. Are. I.A. (ROWLAND. 
a, B 0 3450°36 | 3450°50 | 3450°469 5 Fe 
a, B I 46°99 | 47-13) 47:154| OON 
a, B i 43°65 43°79 43°79] 5d 2 Co 
a, B 2 40°36 40°50 ; 
y | 04 0 40°33 | 40-47 \ 40°505 | ON 
a, B ) 3 37°06 37°20 37°190 3 Fe 
y | 0 36°99 37°13 37°116 | OOON 
a 2 33°78 | 33°92 ; 
B if 2 | 33-74| 33-88 } 33°905 | ON 
y 1 33°65 | 33°79 
a | 2 30°48 30°62 Probable faint solar line 
i oe on edge of Zr 30°671. 
B | oe 2 30°41 30°55 30°545 OON 
y l 30°30 | 30°44) 30°428| 00 
a 2 27°15 27°29 27° 263 3 Fe 
B a4 2 27°07 27°21 | [27°220]}} 00 Solar line from Hiaes. 
y I 26°93 | 27°07 | 27-046 | 0000 
eo" 2 23°81 | 23°95 | 23-972 | ON (2). 
B “4 2 23°69 | 23°83 | 23-848 7 Ni 
y 2 23°53 | 23°67 | 23:667| OON 
a 3 3 20°45 20°57 20-575 0 (2). 
B 3 20°28 | 20°42) 20-417] 00 
y | 8 3 20°11 | 20°25) 20-240] 00 
a 4 3 17-04 17°18 17-198 00 
B 3 16:87 | 17:01| 17-001] 00 
y a ee 16°66 | 16°80} 16:808| 0 
a 4 4 13°64 13°78 13°782 0 a 
B 1 4 13°48 13°57 13°597 2 Ni | Not Ni in ammonia are. 
Y 3 3 13°18 13°32 13°275 | 5d? Fe Ammonia may be in- 
a 3 4 10°22 10°36 10° 386 1 Zr cluded in solar lines. 
B 3 4 09°95 10°09 10°080 | 00 
y $ | 8 09:66 | 09°80] 09-803 |" 0 (2). 
a 00 09-20 09°34 09° 346 2 Fe 
a 3 4 06°78 06°92 06°943 5d 4 Fe 
B 3 4 06:43} 06°57| 06°572 3 Fe 
Y 3 3 06°12 06°26 06° 254 00 
a’ 00 05°43 05°57 
a 4 4 03°31 03°45 03°478 2 Fe, Ti 
B 4 | 4 02°90 | 03°04] 03-033} 0 
y | | 4 02:54! 02°68| 02°685| 0 
a” 00 02°21 02°35 02°352 000 
a’ 00 01°66 01°80 01°778 | 00O0ON 
a 5 4 3399°81 | 3399°95 | 3399°942 ON 
B 5 4 99°34 99°48 99°489 3 Fe 
y i ee 98:93 | 99°07 | 99°059| 0 
a” 00 98°43 98°57 98°551 | OOOON 
a’ 00 97°86 98°00 
a 6 4 96°30 96°44 96°437 0 
B | 6 4 . 95°75 95°89 95° 882 0 
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Taste V.—Catalogue of Ammonia Band Lines, with Solar Comparisons (continued). 


: 








VOL. COXVIII.—A. 


‘41 


78 
13 
99 


26 


“79 


Ammonia. 
Intensity. Wave-length. 
Series. 
a Are. | IA. TA Rowan 
| | 
y 4 4 4] 3395 ° 27 edged | 3395 
a” | 00 94°64) 94: 
a’ 00 93°99 94° 
a 6 4 92°78 932° 
B 6 4 92°12 | 92: 
y 5 4 91°58 | 91 
a’ 0 0 90°07 90°2 
a ee en: 89°23 89° 
B 6 | 5 88°46 | 88° 
y 5 5 87°84 | 87° 
oN 87:27 | 87 
00 2 86°55 86 
a’ 0 | 1 86°13 86 
| 1 85°87 | 86 
tj 6 5p 85°70 | 85 
| 0 l 85:24 | 85 
B 5 5 84°76 | 84 
y 4 | 5 84:07 84 
Gm | T | 4 82°19 | 82 
8 5 | 3 | 81-04] 81 
| 
a; od 80°78 | 80° 
Y 4 ) 3 80°22 80° 
ds =: 79°80 79° 
ay, l 79°43 79° 
0 79°25 79° 
lg 3 78°58 78° 
ay 1 78°18 78° 
nz: 5 : 77°48 77 
| £ 518 77°26. | 77 
ds 2 77°04. | 77 
aa, as bd 9 76°48 76 
ay Lay 76°01 | 76 
| ily 4 75°62 75 
its 5 75°57 75 
a 6 2 75°33 75 
—_* 3 75°08 | 75 
ag 3 74°84 74 
Uy o-} 8 74:75 74 
ay ha 74°23 74° 
ag 3 74°14 74° 
&, Ae | 6 73°50 73 
a BY | 5 | 5 73°34] 73: 
0 73°12 73° 
| “| | 3 72°95 | 78° 


rv 
ROWLAND. 





3395 


94° 
92° 


92: 
91: 


89° 
"604 
87° 


88 


‘408 


746 
926 


259 
726 


387 
988 


‘691 


‘005 
‘861 
‘361 
*908 
°229 
‘340 
*202 


‘889 
‘397 
‘961 
‘DTT 


*824 
°723 
*320 
*622 
‘408 
*202 
°630 
‘414 
‘164 
‘768 
‘698 
‘478 
°231 
‘981 
*872 
*358 
271 
‘119 
‘642 
*452 


*105 


Sun. 


Inten- 
sity. 


OON 


3 
0 


0 
0 


00 
ON 
5d? 


OON 


OOOON 


00 
3 
l 
00 
0 
0000 


000 


000 


Fe 
Ti 


Ti, Zr. | 


Fe? 


Co 


Sr? 
Cr 


Fe 


Co 
Fe 


Remarks. 


Origin. © 


Not given as Ti by 
KILBY. 


| (1). 

Corrected solar 
X = 81°170. 

| 

| 

| 

(1). 





| Are includes faint Cu 
wit) 


” ”? ? 


Are includes faint Ni. 
(1). 

Solar line probably double. 
(1). 
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TABLE V.—Catalogue of Ammonia Band Lines, with Solar Comparisons (continued). 


























Ammonia. Sun. 
| Intensity. tl Wave-length. | Remarks. 
. A. Inten- eee 
| Series. —— | Row.anp.| sity. Origin. 
Pane Are. | LA. Lk owt, 
| SS) 
a, ds 2 6d% | 3372°77 pas 3372°91 | 3372-901 5 Ti, Pd 
ly 4 72°46 | 72°60 72°609 | OON Fe 
(ly, Os 6 6d ? 72°19 72°33 72°314 0 Also series a 1, y ! 
| 2 72°06 72°20 | 72-°225 l Fe 
| 5 71°99 72°13 72-124 4 Ni, — | Are includes faint Ni. 
Ae 1 4 71°71 71°85 71°852 | 00 
do, lg 3 71°61 | 71°75 71°745 | 000 
4 71°39 71°53 71°535 | 00 Difficult group in are, 
| } which includes a faint 
@y, ae 1 | 71°34 71°48 metallic line. 
aos i g 71°15 71°29 71:296 | 00 
si 8 | | 4 71:10 71:24 71:246 | 00 
m | of 4 70°97 | 71°10 71-110 0 
4 70°81 70°95 70°933 4 Fe 
a | 1 | 4 | 70-62} 70:76! 70-770| 1Nd? | Zr, Mn 
| 0 70°44 | 70°58) 70-584 2 Ti 
LE 2 70°31 70°45 70°468 9 Co 
a ee { 3 70°18 | 70°32 70°330 | ON (2). 
1 | 70-02 70°16 70-173 | 00 (1). 
ls oe 69°78 | 69°92 69-932 0 | 
a | 4 | 3 | 69°38) 69-52 | 69-506] ON 
| | 1 69°17 69°31 
se + £28 69°03 | 69°17 69-190 0 
2 | 3 | 68°65) 68-79) 68-793 | 00 
by bia 68°53.| 68°67 68°680 | 00 (1). 
| ) es 68°36 | 68°50) 68-496) 000 
{ 2 68°18 68:32 68°319 1 Mn 
| | 9) 38 67°87 68°01 68°029 2  /Ti, Ni, Fe 
| 1 | 67°67 67°81 | 67:°812 0 (1) 
| | l 67°49 67°63 
b, 29 | 67:38! 67:52) 67°527| 0000 
| | 1 67°18 | 67°32 67:297 l Fe ? 
| | 2 66°47 66°61 | 667594 | 000 
by | 9 66°36 | 66°50 66:°494 | 000 
| 0 65°96 | 66°10 
by 00 | 9 65°46 | 65°60 | 65°581 0 (1). 
| he 1 1 64°93 | 65°07 65-081 | 0000 
2 64°73 64°87 64°832 00 Corrected solar 
| } d = 64°870. 
by 00 4 64°66 64°80 | [64°786]| 00 bas Pee added from 
1 3 64°38 | 64°52 Bi 586 ona's ~ 
b 1 64°26 64°40 | 64° ; 
b, 1 id 9 63°95 64:09 64°055 0 Solar line wide enough 
| to include ammonia. 
be 4 3 63°61 63°75 | 63°750 1 Ni 
] 6 63°32 63°46| 63°442*| 0d? Co |* 


63°298 | OOOON 
| 


* From 3363°4 to 3358-0 the solar lines are tabulated in full. 
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bg 


hy, by 


b, 

















Ammonia. 

Intensity. Wave-length. 
Flame. Are. LA. Gane 
> be Ee es 

00 3 | 3362-97 | 3363-11 

2 6 62°76 62°90 
| | 9 62°38 | 62:52 
| 3 6 62°26 | 62°40 

| 

6 s 61°84 61°98 

4 61°47 61°61- 

l : 

4 61:42 | 61°56 
| 4 61°16 | 61°30 

42| 4 61°10 | 61*24 

| 3 60°98 61-12 
= 60°90 61°04 
| fae 60°80 | 60°94 
| | | 
| | 3 60°68 60°82 
Loe cs 60°58 | 60°72 
| | 5 60°48 | 60°62 
) | 
| 83 60°31 | 60°45 
| 

at 2 60°19 | 60°33 
5 60°10 60°24 
| 10d 60°04 | 60°18 
| | 4 59°94 | 60-08 
| 5 59°75 | 59-89 
| 
3 59°63 | 59°77 

4 nos 59°50 | 59°64 
| ; 59°41 |. 59°D5 
b% 5 59°28 = 9-42 
| 59°15 5g 29 
| | 3 59°08 = 9-22 
1: 59°02 | 59°16 

| 3 58°89 | 59-03 
. l 58°80 =—s-B 94 
4 58°70 5884 

| 2 58°65 = 879 
| 3 58°48 = 5862 
a 2 58°42 58-56 
4 58°28 | 58:42 





30 2 








Sun. 

Bs 

) 

| A Inten- 

~~~! Rowan. sity. 

| eco 

| 3363-107 | OO 
627936 4Nd} 

| gaya | 

| 62°727 | 0000 
62°528 | OO 
62°402 | 2d 
62°275 l 

62-087 2 

-  61°988 0 

| 61°906 
61°704 3Nd? 
61:568 | ON 
61-421 2 
61°327 8 
61°24] ] 

| 617141| 0 

| 61°055| 1 
60°988 0 
60°828 | 0 
60°741 0 
60°63] 0 
60° 485 

| 60°444 2 

| 60°345 | 0 
60°258 0 

60°181 D) 
60°066 0 
59°936 | IN 
59°823 2 
59°769 | 1 
59-636 9 
59°542 1 

| 59-420 1 

59°248 | 3N 

| 59144 00 

| 59°035 2 
58-929 00 
58-832 0 

58°771 | 00 
58*649 4 

| B8°542! 00 

| 5§8°416| 3 
58° 


276 | 0000 


Ti 


Co 


Ti 


Cr 
Ni 


Fe ? 
Co 


| Origin. 


Remarks. 


(1). 





dark ground. 


2). 


| Corrected 


solar 


A = 60°942, 


gun and ammonia. 
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Taste V.—Catalogue of Ammonia Band Lines, with Solar Comparisons (continued). 
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TasLe V.—Catalogue of Ammonia Band Lines, with Solar Comparisons (continued). 

















| Ammonia. | | Sun. 
eee Oe Lae 
| Intensity. Wave-length. | | Remarks. 
eer | r | Inten- oa 
| Series. - “tail aa sity. Origin. 
Flame. Are. LA.  |ROWLAND. 
tar’ (eee . os ee ee —|— =a, ——* 
«4,84 | 5 | 4 | 8358-04 | 3358-18 | 3358'182 | IN | 
| | | §8-°076*, 0000 he 
5 3 57°72 | 57°86 57°874 0 | 
| on | 0 57°56 5770 57-703 os (1). 
| 5 3 57°28 | 57°42] 57-412) 2 Zr 
4 Y 56°66,, 56°80; 56°821; 2 Fe 
2 55+18 | 55°32 | 55°363 4 Fe 
1 | 53°91 54°05 | 547057 = 000N 
§ 6 2 53°63 | 53°77 53°768 OON Zr 
0 53°10 | 53°24 53+262 2 (1). 
| l 51°77 | 51°91 
| « 3 l 50°85 ~=—s«#B0 99 | 50°985 | 000 | 
| 0 49°85 | 49°99 | | 
5 ie ys 49°55 «49°69 | 49-695 00 | 
ie 0 48°68 be | 48-820 000 | 
Ls 0 47°94 | 48-0 48:072 | 3 Fe 
é 4 2 47°62 47°76 ; 47-760  OON | 
( 3 0 46°42 46°56 | 46°57 sO (1). 
2 46°28 46°42 sf 46°414 00 
§ 8 4 45°62 15-76 | 45°761 00 
PY 0 I 44°86 45°00 45°015 000 | 
: 5 |. 3 44°17) 44°31| 447315 00 : 
¢ 4 l 43°21 | 43°35 | 43°366 0 (1). 
l 43°01 | 43°15, 48°156 00 | 
0 42°33 | 42°47 | 42°449 3 Fe 
6 s | 4 41°82 41°96 = 41-967. 4 Ti.) | 
’ | 00 41°15 41°29 41°300 O000N | 
ae ee ie 2 40°68 | 40°82, 40°823 OON 
Wat 6 3 39°86 40°00 40°011 1 (). 
| 0 : 39°30 39°44 39°438 OOON eg Pg Bal in are 
| y “ g Os 
0 0 38°80 38°94  38°944 0000 
8 . 4 38°10 | 38°24 38-247 0 
37°67 | 37°81 37:803 3 Fe 
: 6 4 37:19 | 37:33; 37°319| IN Co ae 
l 36°75 | -36°89 | ossibly o 
si! | | by Mz 36820 (8N). 
| ¢ 6 ) 36°49 | 36°63 36635 OON 
8 7 4 34:47 34°61 | 34°613; 0 
, 7 \ 33°72 | 33°86  33:854 0 
| 2 33°40 | 33°54, 33°526:) 2 Co 
\. 4% i 3 33°11 33°25 | 33°250 0 
| I 33°05 | 33°19. | 
> 8 7 a) 30°90 | 31:04| 31:056 IN 
& 30°59 | 30°73 | 307745 000 Sn ! 
e 7 5 30°27 | 30°41 30°438 l 
¢ G 4 29°75 | 29°89 29°902 00 
I 28:19 | 28°33 28:341 00 Co 


| | | fit (1 Te? 


* From 3363° 4 to 335% 3358-0 the 16 solar lines are tabulated i in full. 
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Taste V.—Catalogue of Ammonia Band Lines, with Solar Comparisons (continued). 


Ammonia. 
: 
Intensity. Wave-length. 
d 
| ROWLAND 
Flame., Are, IA. |ROWLAND. 
6 5 | 3327-40 | 3327-54 | 3327-533 
5 4 26°87 | 27-01 26°998 
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P 3 08:10 | 08-24 | 08-239 
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Description of Plate. 


Fig. I. is enlarged from a photograph of the spectrum of the flame of ammonia fed 
with oxygen; taken with a small quartz spectrograph. The bright band on the left 
is due to water vapour. 

Fig. Il. is from a photograph taken with a quartz spectrograph of moderate 
dispersion, the source being a flame of imperfectly dried cyanogen burning in an 
atmosphere of oxygen. The bright band on the left is due to water vapour. 

Fig. III. shows the band of the ammonia flame as photographed with the large 
quartz spectrograph. 

- Fig. IV. is from a photograph taken in the 3rd order of a 10-foot concave grating. 
The short lines at the edges are those of the iron comparisons. The middle spectrum 
is that of the copper are in ammonia. 

Fig. V. (a) is the solar spectrum, from a photograph by Hiaes; (b) is the copper 
arc in ammonia, as fig. IV. It is shown as a negative to facilitate comparison with 
the solar absorption lines. Metallic lines are marked by double dots, except in the 
case of iron comparison lines, which are short lines along the middle of the spectrum. 
The scale is that of Rownanp. (There is a slight difference of scale of the two 
enlargements, but several lines common to the two spectra are indicated.) 
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PHILOSOPHICAL TRANSACTIONS. 


I. Bakertan Lecrure.—The Spectrum of Silicon at Successive Stages 
of Lonisation. 


By A. Fowuer, F.RS., Yarrow Research Professor of the Royal Society, 
Imperial College, South Kensington. 





(Lecture delivered May 15, 19: eived December 25, 1924.) 
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ConTENTS (continued). 


TABLES. 
PAGE 

1. Series of Si IT (Sit). . . ; eer ee Pee re ee 
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I. InTRODUCTORY. 


The spectrum of silicon has been the subject of numerous investigations, of which 
a convenient summary to the year 1912 has been given by Kayser.* ‘The spectrum 
is of special interest on account of the remarkable series of variations which accompany 
changes in the experimental conditions. These changes were first systematically 
investigated by Lockyrr,+ who further showed that the different groups of lines which 
were developed with increasing intensity of discharge appeared in the spectra of stars 
following each other in order of increasing temperature.t Four distinct groups of lines 
were recognised by LockyEeR, namely :— 


Group I. .. AA 3905-8, 4103 -2 

Group II. .. AA 3853-9, 3856-1, 3862 -7, 4128-1, 4131 +1, 5042, 5057. 
Group ITT. .. AA 4552-8, 4568 -0, 4574-9 

Group LY. .. AA 4089-1, 4116-48 


The lines of Group I correspond to the are spectrum, and are most strongly developed 
in stars approximating to the solar or G type. The chief lines of Group II are produced 
in the ordinary spark spectrum, but the fainter lines are best obtained in vacuum 
tubes ; they have their greatest relative importance in stars of types F and A. Lines 


* “Handbuch der Spectroscopic,’ vol. 6, p. 478. 

+ ‘ Roy. Soc, Proc.,’ vol. 65, p, 449 (1899) ; vol. 67, p. 403 (1901); vol. 74, p. 296 (1904). 

{ See also “ Catalogue of 470 of the Brighter Stars,” ‘ Solar Physics Committee * (1902). 

§ Note-—Another line at 2 4097, at first included in this group, was afterwards shown by Lunt to be 
due to an impurity, and was subsequently identified by Lockyer, BAXANDALL, and BUTLER as an enhanced 
line of nitrogen. (‘ Roy. Soe. Proc.,’ A, vol. 82, p. 532 (1909)). 
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of Groups IIT and IV are also most effectively observed in vacuum tubes, and are pro- 
duced in turn as the energy of the discharge is increased ; they occur in successively 
higher stages of the stellar sequence, those of Group IV not appearing until the hotter B 
stars are reached. 

Lockyer’s grouping of the lines was confirmed by Lunv’,* who made an extensive 
series of experiments, mainly on the chloride and fluoride of silicon. These observa- 
tions, however, like those of LockyrR, only extended over the comparatively small 
part of the spectrum which can be photographed in the stars with ordinary photo- 
graphic plates. 

A valuable investigation of the spectra of the chloride and fluoride of silicon was 
afterwards made by PorLEzza,y covering the region ’ 6371 to 43146. Several pre- 
viously unrecorded lines were noted, especially in the region between 45200 and 5900, 
but no attempt was made to classify the lines in the different groups, and the wave- 
lengths do not appear to be of a high order of accuracy. 

An account of the spark spectrum of pure elementary silicon, over the range 6371 
to 4 2124, was given by Crookes} in 1914, and the spark spectrum in the region ‘2124 to 
2 1842 was observed a little later by McLennan and Epwarps.§ 

Many lines not recorded by previous observers were noted by SAwYER and Paton || 
in the spectrum of a powerful ** vacuum spark ” discharge. These observations covered 
the region 46700 to 42100, but the resolution was not great and the wave-lengths 
were only considered to be correct within one or two-tenths of an angstrom. No attempt 
was made to classify the lines, but all the more important lines are included among 
those previously observed in the preparation of the present paper.‘ 

For completeness, it may be added that accurate determinations of the wave-lengths 
of nine silicon lines, which are of importance in connection with the observation of 
stellar radial velocities, have been made by H. BARRELL in connection with the present 
series of observations.** 

A comparison of the various records shows considerable divergencies in the wave- 
lengths assigned to the same lines, and even the silicon origin of some of the lines has 
remained in doubt. There has also been no systematic study of the different groups of 


* * Roy. Soc. Proc.,’ vol. 65, p. 448 (1899) ; vol. 66, p. 44 (1899); A, vol. 76, p. 118 (1905); ‘ Annals of 
the Cape Observatory,’ vol. 10, Part IT. (1905). 

t * Gaz, Chim, Ital.,’ vol. 42, Part 2, p. 42 (1912). 

{ * Roy. Soc. Proc.,’ A, vol. 90, p. 572 (1914). 

§ * Phil. Mag.,’ Ser. 6, vol. 30, p. 482 (1915). 

|| ‘ Astrophys. Jour.,’ vol. 57, p. 279 (1923). 

‘| Important observations in the extreme ultra-violet have been made by Bowen and MILuikan (* Physical 
Review,’ vol, 23, p. 1 (1924)) and by McLennan and Suaver (‘ Trans. Roy. Soc. Canada,’ vol. 18, p. 1 
(1924)). These have confirmed the existence of several lines of the fourth spectrum of silicon previously 
predicted by the author’s observations, as indicated in Table 13. McLennan and Suaver have also 
observed the are spectrum in the region A 6320 to A 11231. 

** “Monthly Notices, R.A.S.,’ vol. 83, p. 322 (1923). 
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silicon lines over a wide range of spectrum such as is required in the investigation of 
spectral series. It, therefore, seemed desirable to make a more exhaustive investiga- 
tion of the spectrum under different conditions, with a view to obtaining the wave- 
lengths of the lines with greater precision and especially of obtaining the complete 
spectra represented by the different groups of Lockyer. In this way it was hoped to 
obtain data which might lead to the identification of the series which characterise the 
different groups, and thence to a more complete physical explanation of the changes 
observed in the laboratory and in the stars. 

The investigation has been in progress during several years, and suggestive results 
with regard to the series were early obtained.* Publication of details, however, was 
long delayed by the necessity of extending the observations into the Schumann region, 
in which it appeared that some of the more important lines for completely establishing 
the various series might be expected to occur. With the aid of a grant from the Govern- 
ment Grant Committee of the Royal Society a suitable instrument was obtained, after 
much unavoidable delay, and some of the desired observations were made, 

The new observations revealed many lines in addition to those previously known, 
in all parts of the spectrum, and numerous series have been fully or partially estab- 
lished for the different groups of lmes. In accordance with Bour’s theory, it results 
that the classification of silicon lines which was first deduced by LockyEr, from the 
behaviour of the lines in the laboratory and stellar spectra, has a true physical basis, 
and that the successive groups represent successive stages of ionisation of the silicon 
atoms. ‘This conclusion depends upon the evaluation of the series constant for the 
series lines of different groups. 

On the nucleus theory of the atom, Bour showed how the RyppBere series constant 
could be derived theoretically for hydrogen, and indicated in a general way why the 
same constant should appear in the formulz for other spectra. The theory also gave an 
entirely satisfactory explanation of the change from the ordinary to the enhanced spec- 
trum in the case of helium, and in the Bakerian Lecture for 1914} it was shown by the 
present writer that a similar explanation was applicable to other elements. It appeared 
from these investigations that in passing from arc to spark lines, the series were of 
generally similar character, but that the series constant was changed from Rypprra’s R 
to 4 R.t In other words, the enhanced lines are produced by atoms which have lost 
an electron or have become ionised. 

The theory further indicated the possible production of other series for which the 
constant would have the values 9 R, 16 R, and so on, if sufficient stimulus could be 
applied to remove additional electrons. The work of Lockyer strongly suggested that 
examples of such new types of series might be found in a further study of the varying 


* A. Fowier. ‘“‘ Report on Series in Line Spectra.” ‘ Physical Society,’ p. 164 (1922). 

7 ‘Phil. Trans.,’ A, vol. 214, p. 225 (1914). 

{ In former papers the series constant was indicated by N, but in agreement with certain other workers, 
R will be adopted for this constant in the present paper. 
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spectrum of silicon, as has proved to be the case. In the are spectrum, the typical 
series appear to be very feebly developed, and the terms have not yet been fully deter- 
mined, but the investigation has definitely proved that the series corresponding with the 
second, third and fourth silicon groups are characterised by the respective series con- 
stants 4 R, 9 Rand 16 R. The four groups of Lockyer are therefore to be interpreted 
as follows :— 


Group I.—Si_ I, or Si = neutral atoms. 

Group Il.—Si HU, or Sit = singly-ionised atoms. 
Group IT[.—si ITT, or Si** = doubly-ionised atoms. 
rroup T[V.—Si LV, or Si*** = trebly-ionised atoms. 


The series systems consist alternately of triplets and doublets in accordance with the so- 
called spectroscopic “ displacement law ~ of Kossen and SOMMERFELD. 

While the present work has been in progress, a similar investigation of the successive 
spectra of aluminium, designated Al I, Al II, and Al IIT, has been made by PascuEn.* 
Sodium, magnesium, aluminium and silicon have consecutive atomic numbers, and 
instructive comparisons may therefore be made of the spectra of Na I, Mg IT, Al III 
and SiIV; of Mg I, ALTT and Si TIT; and of Al I and &i II. 

The chief results with regard to the series of Si [V have already been presented to the 
Society,f but some additional data have since become available. Detailed results 
relating to all the lines observed at the four stages of excitation are given in the present 
paper, and comparisons are made with the corresponding spectra of other elements 
which immediately precede silicon in the periodic table. A comprehensive catalogue 
of the lines observed at different stages is also included ; this may be expected to be of 
further use in connection with the observation of other spectra produced by strong 
discharges in vacuum tubes, since, under such conditions, silicon lines frequently appear 
in consequence of the decomposition of the glass. 


II. OBSERVATIONAL DATA. 
The Instruments Employed. 


Numerous spectrographs were employed in the course of the investigation, some for 
preliminary observations over a large range, and others, of high dispersion, for the final 
determinations of wave-lengths. For measurements of the brighter lines in the visible 
region a 10-feet concave grating was used, chiefly in the first order, and the same instru- 
ment was used for selected regions in the ultra-violet, including 4 2218 to 4 2058. For 
most of the wave-length determinations in the ultra-violet as far as 4 2250, photographs 
were taken with a large quartz spectrograph of the Littrow type, constructed by Adam 


* “Ann. d. Phys.,’ vol. 71, p. 142 (1923) [Al III.]; ‘ Ann. d. Phys.,’ vol. 71, p. 587 (1923) [Al IL]. 
t ‘ Roy. Soc. Proc.,’ A, vol. 103, p. 413 (1923). 
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Hilger, Ltd. The definition given by this instrument is extremely good, and the large scale 
does not involve unduly long exposures, The linear dispersion ranges from 12 A per 
mm. at 4 4000 to 4°5 A per mm. at 4 3000, and 2 A per mm. at 4 2300. A small quartz 
spectrograph by Bellingham and Stanley was used for the determination of the wave- 
lengths of lines between 2000 and A 1841, the dispersion at % 1900 being about 5°5 A 
per mm.* 

The wave-lengths were interpolated in the usual manner with reference to standard 
lines of iron. So far as possible, the values for the standards were taken from the list 
adopted by the International Astronomical Union,t or from the well-known table by 
Burns. Between % 2374 and 4 2290 KAysEr’s wave-lengths of iron lines, corrected to 
the International scale, were adopted as standards, and for the region beyond 4 2290, 
lines of aluminium and copper given by Enrr.t 

Much labour has been expended in the effort to obtain wave-lengths of a high degree 
of accuracy. ‘Those obtained with the grating are distinguished in the tables by being 
expressed to three decimal places, and are unlikely to be more than 0-01 A in error, 
The values determined with the large quartz spectrograph are probably less accurate, 
but the errors should not often exceed 0-02 A; the large inclination of the photographic 
plate in this instrument, combined with want of perfect flatness of the plates, is probably 
responsible for the want of closer agreement in the values obtained from different 
photographs, 

For the calculation of wave-numbers, the wave-lengths were corrected to vacuum 
by the tables published by the Washington Bureau of Standards.§ 


The Vacuum Spectrograph. 


The vacuum spectrograph utilized for observations in the extreme ultra-violet was 
constructed by Adam Hilger, Ltd. It is provided with a 4-inch concave grating having 
a radius of 1 metre and 15,000 lines per inch. The grating was specially ruled at the 
Johns Hopkins University with a view to its use for the extreme ultra-violet, and has 
been found quite satisfactory for observations down to about 2 800. ‘The wave-lengths 
from different plates, however, are less consistent than might have been expected, 
probably on account of irregularities in the sensitive films of the plates employed. ‘The 
instrument has so far been mainly used with a fluorite window covering the slit, im order 
that vacuum tubes of silicon fluoride and sparks in hydrogen at atmospheric pressure 
might be used as sources. The region covered by the present observations has thus 
been mainly restricted to wave-lengths on the less refrangible side of 41250. The 
dispersion in the first order spectrum is 17-2 A per millimetre. Suitable standards 


* The author is indebted to the Government Grant Committee of the Royal Society for this instrument. 
+ ‘Trans. Int. Ast. Union,’ vol. 1, p. 41 (1922). 

{ * Zeit. f. Wiss. Phot.,’ vol. 14, p. 137 (1915). 

§ ‘ Scientific Papers,’ No. 327 (1918). 
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were provided by LyMAn’s wave-lengths of aluminium lines, and by Stmeon’s wave- 
lengths of carbon lines.* The adopted values for the silicon lines are probably correct 
within one- or two-tenths of an angstrom. 

The author is indebted to Mr. F. Stmeon, of the research laboratory of Adam Hilger, 
Ltd., for placing at his disposal an excellent photograph of the silicon vacuum arc 
covering the region 4 1405-2 990. This has provided a useful check on the author’s 
observations in the common region, and some additional data in the region more refrangible 
than % 1250. Some of the lines in this region have also been measured by Bowen and 
MILLIkAN,y and the mean of Smmeon’s and MILLIKAN’s wave-leneths for one of the 
lines, 997-70, has been taken as a standard in the author’s measurements, the other 
standard being the hydrogen line 4 1215-68. 


The Are Spectrum. 


As a check on previous records of the are spectrum by RowLanp and others, photo- 
graphs were taken of the spectrum of pure silica and of potassium fluosilicate when 
introduced into the carbon arc, and of the arc between pieces of fused silicon. With 
silica on poles of Acheson graphite the impurities were very slight, but with fused silicon 
lines of iron and other elements were sometimes numerous, especially in the ultra-violet. 
The lines which it is believed may certainly be attributed to silicon are those indicated as 
lines of Si [in Tables X and XII. 

All the lines tabulated by RowLanpt were observed, together with a few others, 
including some prominent lines in the ultra-violet which were outside the range of 
RowLaNb’s observations. 

It is of interest to note that three of the previously unrecorded arc lines of silicon 
have been found to correspond with three unidentified solar lines tabulated by RowLanp, 
namely :— 


Silicon Are. Sun. 

RB A ROWLAND. Intensity. 
5797 *855 5798 -O77 5 
57938 -070 5793 *292 3 
5780 -378 5780 -600 ) 


Besides the lines of Group I, Exner and Hascuek have included the red pair of 
Group IL (4% 6371, 6347) as appearing faintly in the are spectrum. As in the case of 
magnesium, and many other elements, however, these spark lines are restricted to a 
region very close to the poles of the are. This method of producing the red pair was, 
in fact, employed by the author in 1906, in the identification of the red pair of Imes in 
the solar and chromospheric spectra.§ 


* * Roy. Soc. Proc.,’ A, vol. 102, p. 484 (1922); vol. 104, p. 368 (1923). 
+ * Physical Review,” vol. 23, p. 1 (1924). 
{ * New Table of Standard Wave-lengths,” Astronomy and Astrophysics, vol. 12, p. 521 (1893). 


§ “ Monthly Notices, R.A.S.,’ vol. 67, p. 157 (1906). 
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In the far ultra-violet, the silicon are also shows a number of well-marked flutings, 
which were first recorded by DE GRAMONT and DE WAtTTEVILLE.* These flutings have 
also been observed under other conditions, and it would appear that they have been 
correctly attributed to the oxide of silicon.t 


The Spark Spectrum. 


lor observations of the spark spectrum the ordinary condensed discharge from a 
12-inch induction coil was passed between poles of fused silicon. 

All the brighter are lines in the ultra-violet appear in this spectrum, as do also the 
brighter lines of Si II. Many of the fainter lines of Si IT which appear in vacuum tubes, 
however, do not certainly occur in the spark, probably because under these conditions 
they are very diffuse as well as faint. Some of the brighter lines of Si IIT are also 
present, and even the brighter lines of 81 IV may be found in the regions near the 
electrodes, as was also noted by Lunt and by Lockyer, BAXANDALL and BuTtier. 
Photographs of the spark in an atmosphere of hydrogen, which were especially necessary 
in observations in the Schumann region, showed an increased development of lines 
belonging to Sifll and SilV:; the comparison of sparks with and without self- 
induction was of great assistance in distinguishing lines of different classes. 

The silicon lines attributed to Si IIT are collected in Tables X and XIII. It is to be 
understood that only the more prominent of these are observed in the ordinary spark 
spectrum, and that they are accompanied by the brighter lines of Si [ and &i III. 

The “spark” spectrum was further studied by observations of the are between 
poles of fused silicon m vacuo. Under these conditions the chief lines of Si IL were 
well developed, and occurred with perfect sharpness, so that wave-lengths could be 
determined with a high order of accuracy. 

‘Two lines given by CROOKES as occurring In the spark spectrum at 4 3438-300 and 
A 3247-551 (1.A.) have not been recorded by any other observer, and have not been | 
confirmed ; the second line is very close to the strong copper line 3247 -53. 

Several of the lines at first included by Exner and Hascuex as belonging to the 
silicon spark have already been shown to be due to impurities by Eseruarp and Lunr, 
namely, 4103 +7, 4030-1, 4021-0, 3883-46 and 3853-62. In addition, lines given by 
Exner and HascHek at 2446-63 and 2443-91 have not been observed. 

The original table of spark lines given by EpER and VALENTA (as quoted in KAYSER’S 
‘ Spectroscopie,” vol. 6, p. 490) includes several faint lines which have also not been 
traced in the present series of observations ; these are not in the list given by KpER 
and VALENTA in their well-known * Atlas of Spectra,” and are probably due to 
impurities. 

As a general remark, it may be noted that the spark does not provide so useful a 


* «Comptes Rendus,’ vol, 147, p. 239 (1908). 
t See also W. JEvons: ‘ Roy, Soc, Proc.,’ vol. 106, p. 174 (1924). 
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means of investigating the lines of Sill as is provided by observations of silicon 
compounds in vacuum tubes. 


Vacuum Tube Spectra. 


For observations of vacuum tube spectra the tubes were filled with the vapour of 
silicon chloride, or with silicon tetrafluoride, and subjected at various pressures to 
induction-coil discharges of varying intensity. In agreement with the observations 
previously made by Lunt,* it was found that lines of the higher silicon groups were 
more satisfactorily obtained from the tetrafluoride than from the chloride, and most 
of the observations were, therefore, made on the tetrafluoride. 

The capillary tubes used were observed “ end-on” through quartz windows, thus 
permitting photographs to be taken in the ultra violet. For the special development 
of lines of Sill it was found advantageous to use rather wide tubes, ranging up to 
1-5 mm. internal diameter. For Si IV tubes of internal diameter 1 mm. or less gave 
the best results. For work with the vacuum spectrograph the discharge tube was 
provided with a fluorite window, which was sealed on the slit plate. 

Silicon chloride obtained commercially was found to be of a high degree of purity, 
so that when care was taken to exclude atmospheric gases the only lines which could 
not be assigned to silicon or chlorine were a few lines due to carbon. 

In the earlier experiments silicon tetrafluoride was prepared by the action of sulphuric 
acid on a mixture of calcium fluoride and silica. Later, on the suggestion of Prof. 
SMITHELLS, it was found more convenient to prepare the gas by heating barium 
fluosilicate. Before passing to the discharge tube the gas traversed a tube containing 
phosphorus pentoxide, in order to remove water vapour, and before reaching the 
pump it successively passed over potash and phosphorus pentoxide. The latter 
arrangement effectively prevented the gas entering the pump, provided that the 
exhaustion was not too rapid. To reduce inevitable carbon impurities, all stopcocks 
were lubricated as sparingly as possible with tap grease. It was found convenient to 
have a large bulb immediately following the hard glass generating tube, for the purpose 
of storing a quantity of the gas at nearly atmospheric pressure. Small quantities were 
then admitted to the discharge tube, as required, by the usual arrangement of a short 
length of tube between two taps. This small compartment was necessary for the 
readjustment of the pressure, especially during the passage of strong discharges. A 
barometer tube on the high-pressure side of the apparatus, which could be shut off 
at will by means of a stopcock, was useful as a safety valve and pressure indicator. 

With ordinary precautions there was no difficulty in obtaining the gas with the 
requisite purity, except for carbon impurities, which appear to be almost unavoidable, 

and sometimes chlorine. The degree of purity and the character of the spectrum 
under the action of any particular discharge could usually be sufficiently judged by 
visual observations, but when using the vacuum spectrograph, photographs in the 


* * Roy. Soc. Proc.,’ A, vol. 76, p, 118 (1905). 
VOL. CCXXV.— A, C 
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ultra-violet were also frequently taken through a second quartz window to indicate 
more surely the stage of ionisation which had been reached. 

The uncondensed discharge through silicon tetrafluoride is of a deep blue colour, and 
the predominant feature is a group of bands in the region 4 4200 — 2 4500, due to the 
undissociated gas; bands are also numerous from about A 3100 to 2% 2300, and the 
brighter lines of Sil also appear. The bands do not appear in the capillary when 
condensed discharges are employed, but they often appear in the photographs of end-on 
tubes on account of the discharge in the wider portions. By appropriate adjustment 
of the condenser and air-gap, it was easy to obtain the equivalent of the ordinary 
spark spectrum, showing the lines of Si IT at maximum intensity and much sharper than 
in the spark. Increased intensity of discharge gives a special development of lines 
of Si lII; and, finally, by considerably reducing the pressure of the gas, the lines of 
Si lV may be obtained with maximum intensity. It should be observed, however, 
that lines of Si lV and Si lll nearly always appear together. Examples of the photo- 
graphs, with full descriptions, are given later. 

Photographs were also taken of the spectra given by strong discharges through 
highly exhausted glass or quartz tubes, the tubes being originally filled with helium or 
oxygen. Under these conditions, the lines of Si lV were obtained with their greatest 
intensity. The silicon lines could be identified by their coincidences with the lines 
obtained in other ways, and by comparison with the spectrum of oxygen which was 
under investigation in the laboratory at the same time; the silicon lines were also 
distinguishable by their restriction to a comparatively small part of the width of the 
spectrum, while the oxygen lines extended completely across the spectrum. In these 
tubes many of the arc lines were suppressed, or nearly so, and lines of Group II con- 
siderably reduced in relative intensity. These observations provided the most 
trustworthy means of distinguishing the lines of silicon from those due to fluorine. 

The same phenomena were observed with tubes of glass, but in that case it was 
observed, in accordance with the previous observations of Lunt, that lines of calcium, 
sodium and other elements were also obtained. 

All the lines catalogued by Lunr and by Poriezza between the red and > 3190 
appear on the present series of photographs (with the exception of a faint line at 
3191 +15), together with many additional lines. 


III. THEORETICAL PREDICTIONS AND NOMENCLATURE. 
The Series Constant. 

In order to avoid repetition, it will be convenient to refer next to the theoretical 
predictions as to the character of the spectra which may be expected to appear at 
successive stages of ionisation. 

Bour’s theoretical formula for the series constant may be written 

Qa 4 p= : 
a ee * er 








Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


AT SUCCESSIVE STAGES OF IONISATION. LL 


where e and m respectively indicate the charge and mass of the electron, M the mass 
of the nucleus of the atom, ¢ the velocity of light, h PLanck’s constant, and ne the 
net charge of the “ core,” or rest of the atom, with respect to the “ series electron ”’ 
which generates the spectrum by its quantum changes of orbit. 

In the case of are spectra, » has unit value and the series constant, apart from the 
term correcting for the mass of the nucleus, is equal to the hydrogen constant R. The 
factor M/(M +- m) differs very little from unity and has only a small influence on the 
series constant. The so-called spark spectrum is produced when the exciting agency 
is sufficiently powerful to remove one of the electrons out of the range of effective 
action of the nucleus. The atom is then ionised, and the spectrum is produced by 
one of the next outermost electrons. ‘This interacts with the remainder of the atom, 
which now has a net positive charge 2e, and the series constant becomes 4R. This 
predicted change, as previously mentioned, was verified by the author in the Bakerian 
Lecture of 1914. The theory further indicated that atoms which have lost two 
electrons, or have become doubly ionised, would be found to be characterised by series 
involving the constant 9R, and so on. The theoretical prediction has now been 
verified in the case of silicon so far as trebly-ionised atoms, which have 16R for the 
series constant. ‘The degree of ionisation is, in fact, most surely indicated by the 
value of the corresponding constant for the series. 


Alternating Types of Series. 

The theory further indicates that the spectra obtained at successive stages of ionisation 
should vary in type. The familiar are series of sodium, magnesium and aluminium, 
together with the author’s previous work on the spark spectrum of magnesium, and 
PASCHEN’s work on ionised aluminium* provide material for a nearly complete com- 


parison with the four spectra of silicon. The relations to be expected may be shown 
as follows :—- 


Group I. Group IT. Group IIT. Group LV. 

Doublets. Triplets. Doublets. Triplets. 
n = Na | Me I All Si I 
C=R beparrage: i236 31 — eo 13 ia. 12, 
hi = 2 y Mg II Al Il Si [I 
CadR. LIS tes Ase 1 — 2. 12 
n=3 Al Ill Si I 
Cc =9R Peermes en | ee 
n= 4 Si IV 
C = 16R ormee 1ji<- 

* Lne. cit. 
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Under each symbol the number preceding the + sign represents the nuclear charge, and 
that preceding the — sign the number of external electrons apart from that which 
generates the spectrum, so that in the first row the atoms as a whole are neutral. The 
atomic numbers of Na, Mg, Al and $1 are respectively 11, 12, 13, 14, and the neutral 
atoms give spectra consisting alternately of doublets and triplets.* The spectrum of 
neutral silicon (Si I) includes triplets and, as shown in the table, the spectrum of ionised 
silicon (Si Il) may be expected to be similar to that of neutral aluminium (Al 1) and to 
yield a system of doublets. In the same way, the spectra of Si III and Si IV were 
expected to resemble in type the spectra of Mg I and Na I respectively. All spectra in 
the same vertical column of the foregoing table should, in fact, be of the same type. 
Corresponding lines in the spectra, however, would be expected to be displaced to shorter 
wave-lengths as the degree of ionisation is increased, in consequence of the increased 
nuclear charge. These predictions have also been realised, as will presently appear. 


Series Notation. 

The series notation adopted in the present paper is mainly that of the author's * Report 
on Series,” in which singlet terms are represented by mS, mP, mD, mI, doublets by 
mo, mx, ms, md, and triplets by ms, mp, md, and mf. In accordance with more recent 
usage, however, the multiple doublet and triplet terms have been modified as follows :— 


Doublets. Triplets. 
Old New Old New. 
5’ 8. dl’, d',d ds, dy, dy 
8, LFF ts» fas Kh 


The nomenclature of the diffuse and fundamental terms is thus brought into accordance 
with that of the principal terms. 

It is now recognized that there is no limit to the number of possible types of terms, 
and a nomenclature for types additional to the four earliest known has become necessary. 
The more familiar terms are characterized by azimuthal quantum numbers (/)f as 
follows :-— 


s, Soro terms k=} 
9, Porx. 5; k=2 
d,D, ors .,, k=$ 
Ink, Che 5s k= 4 


* Recent investigations of the more complex spectra of elements of the higher groups have shown that 
this sequence takes the form of alternate even and odd multiplicities. The maximum multiplicity increases 
by unity in successive groups, and is one greater than the number of the group in the periodic table. In 
Group I the maximum multiplicity is 2, in Group II it is 3, and the spectra are correspondingly simple. 
(See e.g., A. Lanpk, Zeit. f. Phys., vol. 15, p. 189 (1923).) This extended view of multiplicities, however, 
scarcely enters into the discussion of the spectra dealt with in the present communication, as the quintet 
terms expected in 8i I appear to be absent or very feebly developed. 

{ Sommerfeld: ‘ Atomic Structure and Spectral Lines,’ English edition, p. 365. 
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It is clear according to the general theory that there may be other types for which the 
characteristic azimuthal quantum numbers are higher than 4. In ordinary arc spectra, 
series involving such terms occur in the infra-red, and their true character has only been 
revealed through the occurrence of similar series in the ordinary region of observation 
in the spectra of ionised elements. Jonised magnesium, for example, includes a series 
which was approximately represented by 34 — m¢,* but the m¢ terms were afterwards 
recognized by Bonr and others as a new set of terms, designated m¢’, which differ but 
little from the md terms and approach still more closely to the terms of hydrogen.t+ 
In Al III and Si IV, this fifth set of terms combines with another set m¢” to produce 
a sixth type of series. The fifth and sixth series have been called by PascuEn the 
Super-Bergmann (* Uber-Bergmann”) and Super-super-Bergmann  (‘* Uber-iiber- 
Bergmann ’’) series respectively. Similar series in a triplet system would be designated 
f’ and f"; ¢’and f’ are characterized by the azimuthal quantum number 5, and ¢”, f” 
by the number 6. 

It would clearly have been inconvenient to adopt this notation permanently, and g 
has been substituted for f’ by several workers. This modification has also been made in 
the present paper, and in view of the convenience of retaining the Greek letters for doublets 
the sixth series of terms will be indicated by & for triplet terms and « for doublet terms. 
Thus : 


Old Notation. New Notation. Az. Quant. No. 
fF, or ¢’ g, Gory P 
jf", BF’, or $" hk, KX, or 6 


The symbol used for a term will ordinarily give a sufficient indication of the associated 
azimuthal quantum number. 


Numeration of Series Terms. 


The values of the principal quantum numbers assigned to the various spectral terms 
by Bourt are very different from the numbers of RypBere or Rirz, and the ordinary 
series formule do not indicate them. On the new system groups of electrons in the 
normal atom, such as were previously considered to be arranged in rings about the 
nucleus, are assigned principal quantum numbers increasing outwards, the first (K) 
group having the quantum number 1, the second (L) group 2, and so on. The second 
ring or group is completed at neon (atomic number 10), and in the normal states of 
the atoms of elements having atomic numbers from 11 to 18 (argon) the outer electrons 
(M group) oceupy orbits having the principal quantum number 3. The azimuthal 
quantum numbers associated with the normal states are indicated by the highest terms 


* A. Fowier: ‘ Phil. Trans.,’ A, vol. 214, p. 253 (1914). 
1 ‘ Roy. Soc. Proc.,’ A, vol. 103, p. 419 (1923). 
{ ‘ Ann. d. Phys.,’ vol. 71, p. 260 (1923). 
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of the spectral series in accordance with the previous remarks; for example, if the 
highest term be 2p, a 2, orbit is indicated for the series electron. For circular orbits 
n and k are equal, and the greater the difference between » and k the greater will be the 
eccentricity of the orbit. 

While Bour’s new system of numeration is of undoubted importance in theoretical 
discussions, it would seem to be more convenient to retain the older numbers for 
descriptive purposes. These have the advantage of being identical for corresponding 
lines in the spectra of different elements of the same group, and also of being directly 
related to the formule which are in general use for the approximate representation of 
series. Comparison with existing compilations of spectroscopic data will also be 
facilitated thereby. 

In the present paper the RypsperGc-Hicks numeration will be adopted, as in the 
author’s “ Report on Series,” but so far as possible an indication will be given of the 
alterations necessary for reduction to the Bour system. In general, but not 
invariably, the number assigned to a term on the RypBERG-HIcKs system is the integral 
part of ~/R/term, i.e., the integral part of the “ effective quantum number.” 

The following comparison of the different systems of numeration as applied to the 
first terms of sodium, magnesium, and aluminium may be useful for reference. 








Os —_ 














RYDBERG. | Rirz-PASCHEN. ) Bonr. 
Na Mg Al | Na Mg Al | Na Mg Al 
\ceesicaetieaieacaa ivan cs Sane Ge = 
( Ls | 1s | 38 | 
Singlets... .. d 1P 21 | 3P 
| 2D | 3D | 3D | 
3 F | 4F 4F | 
| di lo 2 o* ls 2s 38 4s | - 
| lt lx 2p 2p | Sp 3p 
Doublets eae 4 28 23 3d 3d 3 d 3 d 
| lL 3¢ 3 4f 4f 4 f 4f 
| 2 s* : 28 4s | 
: | lp | 2p 3p | 
ta er eee | 24 | 3 d | 3d | 
| 3f | 4f | 4f 


ne eensEEEE NEESER 


* These are designated 1c and 1 s in the author's ‘‘ Report on Series,’ but the original numeration 
of Rydberg is more appropriate, it being then supposed that the 1 s term does not occur. 


Inner Quantum Numbers. 


In the consideration of some of the groups of lines which occur in the spectra of silicon, 
it becomes necessary to refer to the so-called “inner quantum numbers ”’ (7) which 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


AT SUCCESSIVE STAGES OF IONISATION. 15 


have been assigned to the various types of spectral terms by SOMMERFELD and Lanpg.* 
For the purposes of the present paper it will suffice.to note the following :-— 


Singlets. Doublets. — Triplets. 
Terms 2 pee S lg D i GO TT, Te 34 do S Py P2 Ps d, d. ds, 
ee ae Pie ete 2 Le So Gh eee 1\ooig gry 


Ordinary terms combine with each other in accordance with the selection rule 
Aj = +1 or 0, except that the transition 0 to 0 does not occur. Combinations are 
further subject to the selection rule for azimuthal quantum numbers, Ak = + 1. 

There is another class of terms, usually designated p’, d’, etc., which do not form 
part of the regular sequences, and are possibly due to the simultaneous transitions 
of two electrons with the emission of a single quantum of energy.f These are subject 
to the selection rule for inner quantum numbers, but the ordinary azimuthal quantum 
condition for their combination with the regular terms appears to be replaced by 
Ak = 0.T 


LV. REGULARITIES IN THE SPECTRUM OF Sr I. 
General Features of the Spectrum. 


In the region extending from the red about 6700 to the ultra-violet at 2000 the 
arc spectrum of silicon includes 45 lines, of which only 13 occur in the visible spectrum, 
and only four in the region between 4 3900 and A 2640. Several of the lines in the 
ultra-violet are of great intensity, but in the visible spectrum the lines are relatively 
weak. Several of the ultra-violet lines are easily reversed in the arc. 

A comparison of the arc and spark spectra shows that enhanced lines do not appear 
at all in the arc, except in the region close to the poles when elementary silicon is 
employed, and all the lines which appear in the middle of an ordinary arc have accordingly 
been assigned to Sil. The wave-lengths, intensities, and wave-numbers of the lines 
between 6700 and 2 2000 are collected in Table X and of those between A 2000 and 
41840 in Table XII. 

The complete series arrangement of the lines of Sil has not yet been traced, but 
it seems sufficiently clear that the main features arise from triplet and singlet terms. 
The triplet series, however, are but feebly represented, and as the first members occur 
far in the ultra-violet, succeeding members would only be expected as weak lines in 
the early Schumann region. 


* * Zeit. £. Phys.,’ vol. 15, p. 189 (1923). 
+ See ‘ Roy. Soc. Proc.,’ A, vol. 107, p. 39 (1925). 
¢ Laporte: * Zeit. {. Phys.,’ vol. 26, p. 16 (1924). 
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Triplets of Si I. 


A triplet of the sharp series and another of the diffuse series are unmistakable, 
namely :— 


Sharp Triplet. Diffuse Triplet. 
A, Int. v Ay . A, Int. v Av 
2452-136 (3) 40768 -42 2218-917 (1) 45052 -96 
146-12 17 -00 
2443 °378 (3) 40914 -54 2218-080 (2) 45069 -96 
77°10 28 °36 
2438 -782 (3) 40991 -64 2216-165 (4) 45098 -32 
146 -03 
2211-750 (2) 45198 -92 
17°15 
2210-912 (3) 45216 -07 
VPki 


2207 980 (2) 45276 -09 


A careful search has been made for other triplets, but with no certain results. There 
are, however, three lines with apparently the same separations forming part of an 
isolated group of five lines beginning at A 1881-6.* Details of these lines are as 
follows :— 


a, Int. v Ay 

1880-71 (1) 53171 
147 

1875 54 (2) 53318 
76 

1872-87 (2) 53394 


The first line, however, which would be expected to be the strongest in a regular series, 
is definitely the weakest of the three, and the agreement in separations is_ possibly 
accidental. If regarded as the second p s triplet, the value of » given by a RypBERG 
formula would be about 64100. 

Apart from this, there are no direct means for the determination of even the 
approximate limits of the triplet series. There are also no arc lines in the less 
refrangible part of the spectrum which seem at all likely to represent an associated 


* The possibility of these lines forming a triplet was first suggested to the author by Prof. McLennan. 

+ Note.—When the lecture was delivered, a limit of 85000 was considered to be a probable value for the 
triplet series, on the ground that in most of the known series of triplets the limit is rather more than double 
the wave-number of the first sharp triplet. It has since been noticed, however, that in most series the ratio 
of the limit to the first sharp triplet tends to diminish as the wave-number of the triplet increases, and the 
estimate was probably too high. 
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“principal” series (2s — mp), and no suitable representatives of a fundamental 
series (2d — mf), having. separations Ad,, = 28 and Adj, =17. In view of the 
feeble development of the triplets themselves, it would seem that these series do not 
occur with sufficient intensity to appear in the present records of the spectrum. 


Multiplets of Si I. 


Some of the most intense lines of the arc spectrum are included in the well-known 
characteristic group of six lines extending from ’ 2506 to 2528, all of which are 
reversed in the arc. ‘These form a pp’ multiplet, involving the triplet separations 
noted above, and it follows that the first terms of the combinations which give rise 
to the lines must be 17,, 1p. and Ip;. The group may be represented schematically 
as below, where numbers in brackets following the wave-numbers represent intensities 
and the inner quantum numbers (7) are indicated by numbers beneath or alongside 
the term symbols : 


Pr Pr Ps 
(2) (1) (0) j 
39605 -89 (8) v's (0) 
7. 14 
39537 -01 (9) 145-02 39683-0383 (7) 77-01 39760-04(7) p's (1) 
194-72 194-80 
39731 °73 (10) 146-19 —39877-83 (9) py’: (2) 


A prominent group of lines beginning with 2 1988 also consists of six strong lines and 
may be represented in a similar manner; namely 


P1 Pe Ps 
(2) (1) (0) i 
502773 (4R) 146-3 50423 -6 (3) p'1 (2) 
66 +8 67-2 
50344 +1 (2) 146-7 = 50490°8 (2) 977-2 = 50567-9 (3) ~~ p”2 (I) 
35 9 
50526 7 (2) p's (0) 


The wave-numbers in this group are subject to a little uncertainty, mainly for lack of 
good standards of reference, but it is evident that the combinations involve the 
regular p terms and another set of terms of similar type represented by p”. It will 
be observed that the latter terms are in reverse order in this multiplet, the largest term 
being p”;. 

VOL. CCXXV.— A. D 
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All the terms entering into the above multiplets clearly belong to triplet systems. 
No multiplets involving quintet terms, such as might have been expected from the 
sequence of multiplicities to which reference has previously been made have yet been 
identified. 

It may be further remarked that, although the actual values of the various p terms 
cannot yet be stated, their differences are known with considerable accuracy. In 
particular, it will be useful to note the difference Ip’, — Is: 


Ip, —1s = 40768 -42 | 
lp’, —1s = 1231-41 

Ip, — lp’, = 39537 -01 

Ippo — 1s = 40914-54 
; , pg —1s = 1231-51 

Ip. — Ips = 39683 -03 


1231 -60 


— 
~~ 
ew 
~ 
| 
; 
— 
D 
|} 


lpg —1s = 40991 -64 
lp; — lp’, = 39760 -04 


Mean, Ip’, —1s = 1231 ‘D1 


The Singlet Series of Sil. 


Six of the stronger singlets, all of which can be obtained as reversed lines in the are, 
can be arranged in tio series, which are apparently to be identified as the sharp and 
diffuse series. A fourth line of the sharp series is suggested by the greater intensity 
of the more refrangible component of a pair of Si II lines, 44 1817, 1808, in a photo- 
graph of the silicon spark in hydrogen with large self-induction. This is near the 
expected position of the next member of the sharp series and has been regarded as 
such. 

The data and formula for the sharp series, as calculated from the last three lines, are 
as follows :— 


A, Int. v 
2881 -585 (10R) 34692 -97 
2124 +140 (6R) 47062 -94 ) 1p — 60079 
1901 -00 (5R) 52608 +9 


0 eres 
1808 -14 55305 


[s ms = R/( m -|- 0 +689685 -+- 


The correcting term is unusually large, but, notwithstanding this, the extrapolated 
wave-number for the first line only differs by 919 from the observed value. If 
calculated from the first three lines, 1p = 60020. 
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The data and formula for the diffuse series are :— 


a, Int. v 
2435-159 (8R) 41052 -61 IP — 59339 -0 
2058-20 (5R) 48570°51 } 


| mD =R / (m +. 0-939784 + a 
1893-02 (2R) 52832 \ m 





The correcting term is again exceptionally large, so that neither of the series closely 
follows a RypspERG formula. The two values for 1P also differ more than usual, but as 
the sharp series is generally more accurately represented than the diffuse, the value from 
the sharp series has been adopted ; namely, 1P = 60072. 

With this limit, the terms and effective quantum numbers are :— 


Terms. /R/Term. Terms. V/R/Term. 
IS = 25379 -03 2 -O78837 1D = 19019 -39 2 401387 
25 = 13009 -06 2 903604 2D = 11502 -49 3 °087909 
35 = 7468:1 3 *8322623 3D = 7240°2 3892110 
45 = 4767 4 -796648 


The increase in the successive effective quantum numbers departs much more from 
unity than in most of the known series, but the fact that all the lines are readily reversed 
in the arc is strongly in favour of the above arrangement, in which the largest term is 1P. 


Other Reqularities in Si I. 


A remarkable feature of the silicon are spectrum is the occurrence of the separation 
Ip’, — 1s in connection with some of the strong singlets, including the line which has 
been designated 1P — 18. Thus :— 


/ 


25597 +61 (9) — 24365 -89 (5) = 1231 jon 
— Ip i Is. 


34692 -97 (10) — 33461 -39 (5) = 1231-58 


These separations may be considered to be equal within the limits of observational 
errors, and their significance seems to be assured by the fact that the lines in question are 
strong and well separated from neighbouring lines. Further combinations between 
triplet and singlet terms are suggested by the following lines :— 


v y Ay 
17645 -64 (1) — 17568 52 (2) = 77-12 = lp’; — lp’, = Ips — lpr 
17707 -97 (2) — 17513 +19 (5) = 194-78 = 1p’, — 1p’, 
33656 +27 (1) — 33461 -39 (5) = 194-88 = lp’, — 1p’, 
D2 
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The line 33461, it should be noted, has already been included in the above consideration 
of the separation Ip’, — Is. 

Much time has been expended in attempting to trace the connection between the 
triplet and singlet systems, but no satisfactory conclusions have yet been reached. 
There are sufficient indications, however, that the highest term will be found to be a P 
or a p term, and since the principal quantum number must be 3, it is probable that the 
series electron normally occupies a 3, orbit. 

As the term Ip has not yet been determined, the first ionisation potential of silicon 
cannot be stated. The value of the term 1P, however, indicates that the ionisation 
potential cannot be less than 7-5 volts, 


V. Tae Dovusiet Series or Str IT (Sr*). 
General Remarks. 


The spectrum of Si IT forms a doublet system, some of the leading members of which 
have long been familiar from their occurrence in the ordinary spark spectrum. 

From the beginning of the research it seemed sufficiently obvious by inspection that 
the red pair at 42 6371, 6347, the yellow pair at 4 5979, 5958, and the green pair at 
Ad 5056, 5041, were respectively the first members of principal, sharp and diffuse series, 
having a wave-number separation approximating to 60, Other members of the series, 
however, long eluded detection, and it now appears that the difficulty was due to the 
very rapid fall of intensity in passing along the respective series. This is especially the 
case in the principal series, where even the second member is very faint notwithstanding 
the great brightness of the pair in the red. One additional pair was found in the observa- 
tions of silicon chloride, but the most complete representation of the doublets was 
obtained in the experiments on silicon tetrafluoride. In the latter case the lines appear 
as well-isolated pairs with appropriate separation, and there can be no doubt as to their 
association with the red, yellow, and green pairs. It is easily shown from the numerical 
data that the ordinary series constant is not applicable to these lines, and that a number 
of the order of 4R is required. The hydrogen value of 4R (= 438713 -2) has accordingly 
been adopted in the calculation of formule for these series. 

The series Ix,. — mo and 2x,, — mo have been distinguished as the “first sharp ” 
and “ second sharp” series respectively ; and similarly for the diffuse series. As in 
Al I, there is no lo term in &i II. 

The lines which have been identified as belonging to Si II are collected in order of 
wave-length in Tables X and XIII. 

The experimental behaviour of the classified lines included in the table accords with 
their assignment to Sill. There are also many lines which would seem to belong to 
Si IT, on experimental grounds, for which no series relations have been found. Many 
such lines occur in the visible part of the spectrum, and the lines 44 4188, 4191 first 
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observed by Lunt are noteworthy examples. In this connection it should be remembered 

“that the spark spectrum includes lines which certainly belong to Si III, so that the 
occurrence of a line in the spark and not in the arc is not in itself a sure criterion for 
its classification as Si II. It is here that the vacuum tube spectra have the advantage, 
for spectra can be produced in which lines of Si II occur with great intensity, while 
lines of Si IIT are faint or absent. 


The Serres System of Si IT. 


The consistency of the allocations of the lines composing the Si Il system of series 
is Clearly shown by calculating formule for the separate series. 

The Principal Series.—Three pairs of lines are available for the calculation of the limit 
of the principal series. The wave-numbers of the stronger components of the pairs 
and the formula derived from them are as follows :— 


Zo — 2x, = 15750 -90 
2o — 37, = 38384 *52 
2o — 4x, = 48562 -70 


| 
v = 66297 06 — 4R/(m ++ 1 -001375 — 0+110567/m)’. 
| 


The term 2x, thus calculated is 50546-16 and it follows from the separation Av = 60 
that 2x, = 50606-16. These are in very satisfactory agreement with the values derived 
independently from the second sharp and diffuse series as indicated below. 

The Second Sharp and Diffuse Series —The sharp and diffuse series should give the same 
limits, apart from errors of observation and inadequacy of the type of formula employed, 
and these should agree with the values of 2z calculated from the principal series. The 
Hicks formule for the two series, and the data from which they were calculated, are 
as follows :— 


In» —3o = 16780-61 
Pra — 40 = 29992-96 - vy = 50621-40 — 4R/(m + 0 -644962 — 0-133206/m). 
Qn, —5o = 36772-91 | 
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Qn, — 43, = 31203:07 |v 
2r, — 55, = 37330 °50 | 


50710 -77 — 4R/(m + 0-661311 +- 0 +323876/m)’. 


The limits given by the Ritz formula in the form 
v= A— 4R/[m + p+ a (A —v)P 


lead to the values 50638 +13 and 50683 -24 respectively. All are as nearly in agreement 
with each other, and with the value 50606+16 calculated for 2x, above, as is to be 
expected. 
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The Fundamental Series.—Vhis is a series of narrow doublets, Av = 16 +6, having 
a separation equal to that of the chief line and satellite in the first member of the diffuse 
series. ‘The wave-numbers of the more refrangible components and the formula calcu- 
lated from them are as follows :— 


25, — 36 = 24217 -69 ) 
23, — 46 — 34421 -75 
3, — 56 = 39972 -60 


~ y= 52483 +11 — 4R/(mm + 0894930 + 0-134295/my, 
| 


bo 


1.€., 235 = 5248311; 25, = 52466°51; 3¢ = 28265 -42. 

These values cannot be directly compared with the terms for the other series, as the 
first member of the diffuse series lies in the far infra-red and has not been observed. 
The value of the term 3¢, however, may be applied in connection with certain com- 
bination series to adjust all the limits, besides leading to values for Iz. 

Combination Series.—Besides the series lines so far considered, there is a well-known 
sroup of three spark lines, beginning with 4 3862, which presents the appearance of an 
inverted diffuse set and must therefore have negative wave-numbers assigned to it. 
These cannot be deduced from any of the already known terms, but may be represented 
by introducing new terms of diffuse type, 7, and v., as shown below. 

The terms x, the magnitudes of which are indicated by the previously calculated values 
of 2%, combine with the ¢ terms to give a strong series of fundamental type in the 
extreme ultra-violet, beginning with a pair at 4 2078. For greater consistency of numeri- 
cal results the wave-numbers for this pair have been slightly adjusted so as to make their 
separation 15°91, like that of the two more accurately measured lines wy 25942, 25926, 
to which they are related. The observed wave-numbers 48232-89 and 48248 -49 
have thus been altered to 48232 -74 and 48248 -65. The terms x, and x, may then be 
calculated as follows :— 





2, —3¢6 = 48232 -74 L_ — 36 = 48248 65 
846 — 28265 -42 36 = 28265 -42 
2, = 76498 +16 L. = 76514 -07 


For the calculation of 27, and 27, we have 


Qn, — %, = — 2504205 > 
ee . 5 Qn, = 50572 -02 
On, — x, = — 25926+14 $ 
a ij | Qn» — 50632 +03 
On, — vy = — 25882 -04 | 


The values of 2x thus obtained are very close to those calculated from the principal 
series and to the mean of those determined from the sharp series by the Hicks and Ritz 
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formule. These values will accordingly be adopted to fix the common limits of the 
second sharp and diffuse series ; at the same time the values above given for x, and x, 
are brought into accurate relationship with the other terms, 

The term 2o can at once be derived; namely, 


Qo — 2x, = 1575090 


Qn, = 50572 -02 





206 = 66322 92 


The First Sharp and Diffuse Series —From general considerations, the chief lines of 
the Si II spectrum are to be expected in the extreme ultra-violet. In the photographs 
of this region there are two very striking pairs of lines, which are brought out by a 
moderate stimulus in silicon tetrafluoride, and which also appear in the silicon spark in 
hydrogen. One of these pairs, about ’ 1533, has been found to be the first member 
of the sharp series, while the other at 2d 1817-06, 1808-14, is a combination pair 
involving the x terms. A third pair, at 4 1265, 1260, which also appears strongly in the 
photograph taken by Smmron, is the first member of the diffuse series. Still another pair, 
about the lower wave-length of Smmeon’s photograph, 1A 993-1, 990-3, is the second 
member of the first diffuse series. ‘The common limits of the two series have been calcu- 
lated from the sharp pair, lx — 2o with the aid of the previously determined term 
2a; thus, 

Ix, — 20 = 65208 ° Ix, = 131531 
In, — 26 = asses f Iz, = 131818 


In this way all the limits required for the construction of the series table have been 
brought into proper relation with each other. Their general accuracy as regards the 
extreme ultra-violet is shown by the close agreement of the observed and calculated 
values for lines which have not been used in the determination of the limits. 

The results of the discussion of the series of Si II are collected in Table I, which calls 
for little further explanation. The limits have been adopted from the calculations 
already given and the terms have been derived in the usual manner by subtracting the 
wave-numbers of observed lines from the corresponding limits. The numbers under 
are those of the RypserG system, and the numbers (-|- 2), etc., indicate the alterations 
to give the numbers on Bour’s new system. 
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TasLE I.—NSeries of Sill (Si*). 








— i - — 7 - —_—— 





| Ist Sharp Sertes.—lx — mo; Im, = 181531; In, = 131818. 

















) 
A, Intensity. v | Ay. m (+ 2). mo. 
| *1533-°55 (10) 65208 
| #1526 +83 (8) 65495 287 (2) 66325 
(1023-75) | (97680) . 
(1020-75) (97967) (287) (3) S385! 
. a 
(901-78) | (110892) | 
(899-45) | (111179) (287) (4) 20659 
) 
Principal Series —20 — mm; 26 = 66322-92. 
3 ee - ——- = a 
a, Intensity. | v. Ay. | m (+- 2) NT, MTs 
oe OS ee -ee en oe | etaiaa 
—1533-+55 (10) | —65208 927 (1) | 151531 
—1526+83 (8) | —65495 | : eT ae 
. 
6347-091 (10) | 15750-90 nied (2) 50572 +02 
6371-359 (8) | 15690+90 : 0632-02 
2604-44 (2) 3838452 | ven (3) | 2793840 
2606-09 (1) 38360+21 : | , —-97962-71 | 
| | | 
2058°53 (1) 48562 +70 9:09 4) 17760-2 | 
2058-92 (0) 48553 ‘61 : 17769°3 
2nd Sharp Series.—2n — mo; 2m, = 50572°02 5 2, = 50632-02. 
ee ee 
A, Intensity. | v. | Ay. | m (+- 2) | mo | 
| 
6347-091 (10) | —15750-90 +9 | ne ly 
—6371+359 (8) | —15690-90 60-00 (2) 66322 -92 
5978-970 (5) | 16720-63 3385] « 
| 5907-612 (H : 16780-61 | ga: (3) bay 
3339+ 84 (3) | 29932-98 pr ' 
3333°16 (2) 2999296 oeree (4) siti cliecsl 
| -: 2726-74 (2) 36662°99 ve 5 : 
| 272229 (1) 36722-91 | seit ) meets da | 
: 


Sse ene ——— — TT _ 


_ * Used for calculation of 17, Im,. A line of Si IV is apparently coincident with 4 1533-5. 
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TaBLE I (continued). 


a —_—— = SS | 


Ist Diffuse Series—|r — md; Im, = 131531; Im, = 131818. 





OSES 





ee 











Wa 
Observed. Calculated. | | | 
——— Ay. | om (+ 1). mde, m,. 
A vaec., Intensity. v. A vac. v. | 
a ae ee Wek ede | 
1265-06 79048 | : 
*1265-04 (10) 79049 ira ok 6 16-6 52483 
1260-66 (8) 79324 1260-48 79335 aot (2) 52466 
*+993-09 (1) 100696 992-74 100731 
+990-32 (1) 100977 989-92 | 101018 aot (3) _ 30800 


2nd Diffuse Series —2rn — md; 2, = 50572-02; 2x, = 50632-02. | 








-_- 





Fundamental Series.—28 —md@ ; 25, = 52466-°51; 26, = 52483-11. 


———$__ 


A, Intensity. v. Ay. m (+ 1). | MS >, Moy. 
LEE SE ae) re —— 
(—1911-09) 16-60 52483-11 
Out of range (1894-49) G00) (2) 
(1851-09) (60-00) 52466-51 
—-- 5056-353 (2) 19771-60 | 
5055-975 (7) 1972-90 BFE gs de (3) oe | 
5041 -020 (5) 19831-58 
#*3210-04 (3) 31143-30 oA. 
*2682-27 (2) 37270-80 )]- 
2677-98 (1) 97330) +50 59-70 (5) 13301-4 
; 


4130-884 (10) 
| 4128-053 (8) 


2905-70 (3) 
2904-29 (2) 


2501+99 (1) 
| 2500-96 (1) 


VOL. CCXXV.—A. 





24201 -08 
24217-69 


34405 -06 
34421+°75 


59956 +15 
39972 -60 





—_—— 


| i, Intensity. ec Av. 


16-61 
16-69 


16-45 


* Satellites not resolved. 
7 From Simeon’s photograph. 


E 


(3) 


(4) 


(5) 


m (+1). mo. 


28265 +42 


18061 +40 


12510-4353 
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TABLE | (continued). 


Combination Series of Si Il.—a« — mq; 2, = 76498-16; x, = 76514-07. 





! 
A, Intensity. v. Ay. Calculated. 
$$ as ee 
—3853-657 (3) —25942-05 re Cre ar gah 
3856-021 (8) —25926-14 | ait Qn, — a eee er 
—3862-592 (6) —25882-04 | ,— a.) “oe 
2072-61 (10) 48232-89 15-60 a, —3q \ Used for calculation of 
2071-94 (8) 48248-49 t,—36 f ty te 
(A vac.) : 
In, — x, — 55017 = 4 1817-62 
1817-06 (10) 55034 ori In, — x, = 55033 = 21817-09 | 
ees w-1¢ | 
1808-14 (8) =udon Im, — 2, — 55304 = 4 1808-19 | 


' rz, — 4 = 58437 = 1 1711-2 | 
1711-0 (6d 7) 8445 va — 46 = 58453 = 4 1710-8 


gia te Ole (<4= Susie. | 
ie di {2 = 6B orate — a ase 

saci mnt {Hib aol ss 
wns) | (oct er ee 





* This is definitely smaller than the separation in the fundamental series (16-61). 
} The formula gives 6¢ = 9169, 74 = 7004, 84 = 5524. 


In addition to the series shown in Table I, the “ super-fundamental” series, 34 — my, 
is possibly represented, but is somewhat doubtful, because of the absence of the first- 
expected member of the series. The possible second and third members are 425202 °51, 
4683 -018 (vv 19216 +15, 21347 -79). Taking these as 34 — 6y and 34 — Ty respectively, 
with 34 = 28265 -42, the resulting terms are 6y = 9049-27 and 7y = 6917 ‘63. These 
differ from the corresponding ¢ terms in the expected direction towards 4R/m?, but 
there is no line corresponding with the term 5 y, which would be about v 15920. 

It should also be mentioned that there is a possible “‘ multi-doublet ” in the extreme 


ultra-violet, formed from 24119779 (3), 1194°89 (5), 1193 -62 (3), and 1190-80 (4). 


There is at present no experimental evidence as to the class to which these lines belong, 
but they form an isolated group, and the occurrence of the separation 287 suggests that 
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they may belong to Si II. The wave-numbers may be arranged as a xx’ combination 
in the following manner :— 


Ix, It. 
(2) (1) j 
83487 292 83779 nz’ (1) 
203 198 
83690 287 83977 x’, (2) 


The discordances between the separations, which might be expected to be equal, are 
within the limits of error of measurement in this region, and if the combination be 
significant, it results that 7’, = 47841, 7’, = 48042. 

The highest term of Si II is a “p”’-term, and on Bour’s theory the associated 
azimuthal or subordinate quantum number must therefore be 2. It thus appears that 
in the normal state of the ionised atom, and probably also in the neutral atom, the 
13th electron moves in a 3, orbit. 

The second ionisation potential of silicon, deduced from the above value of Ix, 
in the usual manner, is 16 -27 volts. 


Comparison of Si II and Al f, 


In accordance with the spectroscopic displacement law, it was to be expected that 
the series of Si If would be found to be generally similar to those of Al I. Both 
spectra are, in fact, constituted of doublets, and differ chiefly in the wider separation 
of the pairs in Si II, and in the displacement of lines of Si II to the region of much 
shorter wave-lengths as compared with corresponding lines of Al I. This, of course, 
is due to the greater charge of the “ core,” or “ atomic residue,’ with respect to the 
series electron in the case of Si II as compared with that of Al I. 

Comparison of Chief Lines.—Some of the corresponding lines of the two spectra are 
indicated in Table II. 


Taste [1.—Comparison of Chief Lines of Si IT and AI I. 


—_—— -——- 


Oho ae einai 2 alte orale | 
Series. | ALT. Si II. | 
of oe oe oe ee oe eee 
nN a | 
In, — 2c 3961-54 1533-55 | 
In, — 2c 3944-03 1526-83 | 
lx, — 28, 3092 84 — | 
In, — 23, 3092-72 1265-04 
In, — 28, 3082-16 1260-66 | 
Ya — Qre, 21166 6347-09 | 
25 — Qry 21098 6371 +36 
Qn, — 38, 16752 5056-02 | 
Qn, — 38, 16721 5041-06 | 
23, —3¢ 4130-88 
3. — 34 ey | 4128-05 | 


ee 
ee 


E 2 
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The table illustrates very clearly how lines of Al I which occur in the near ultra- 
violet are represented in Si II by lines which appear in the Schumann region, while 
infra-red lines of Al I correspond with lines of Si IT which occur in the visible spectrum. 

The main doublet separations, Iz, — I7,, are 112 for Al I and 287 for Si II, in the 
ratio 1 : 2-56. 

Effective Quantum Numbers.—The values of the terms of Al I and Si IT are most 
effectively compared for theoretical purposes by a statement of the effective quantum 
numbers ; that is, of the values of 1/R/term for Al I and of 1/4R/term for Si II. These 
are given, with the Bour numeration of terms, in Table III. 


TasLe II11.—Effective Quantum Numbers of Al I and Si II. 








Bour Numbers. 3 4 5 6 7 Tes 
Tt oe 2.-186892 3-217954 4-227570 5 +231357 
ides | emery 2+571925 3-599996 4-610472 5616184 
AIT... .| 7-3OTo7 2-674639 3-700549 4-709045 
ee Th... sad Ree 2+943593 3+960963 4-968841 
| ALE *. 1508958 2-675967 3-701923 4710388 
ess Tea a) 1 -826318 2-945339 3+962685 4-970115 
5, ' 2-631031 3+425462 4260130 5164510 
= = Hs ' 2-891673 3-774168 4-751900 5+743038 
3-968941 4:963713 
mo 5 ‘ 3+939695 4-928499 5-921808 








An important difference between the two spectra is the appearance in Si [I of the 
strong series « — 34, which has not been found in Al I. 


Comparison of Si IIT and C I. 


Elements belonging to the same sub-group of the periodic table exhibit certain 
progressive spectral differences with increase of atomic weight, or of atomic number,* 
and it is now possible to observe such relations in the spectra of the two ionised 
elements, silicon and carbon, the data for C IT having already been communicated to 
the Society. 7 ; 

It may be noted in the first place that the main doublet separations for Si IT and 
CII, which are 287 and 58 respectively, follow the usual rule that the separations are 
roughly proportional to the squares of the atomic numbers, their ratio being 5-0 as 
compared with 5-4 from the atomic numbers 28 and 12. It also appears that the 


* See Fow.er’s “ Report on Series,” p. 43. 
+ ‘ Roy. Soe. Proc.,’ vol, 105, p. 299 (1924). 
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two ionised elements follow the rule that the limits of the sharp and principal series 
(Ix and Qo, respectively) are displaced towards the red with increase of atomic number. 
This result is included in the general comparison of the spectral terms given in 


Table IV. 
TaBLE 1V.—Spectral Terms of Si II and C II. 




















RypperGe Numbers. 1 2 | 3 4 | 5 

xr Bree Pi. cheese 3 100165 

Te a eee. 76514 | 
GIL . 80121 39425 23311 (15387) | 

an ; 66323 3385] 20639 13909 | 
CII . 196670 64934 34140 | 

so ta Yt 131818 50632 27963 17769 

5 Jol. 51108 28535 18164 (12558) 

Ors a MD 52466 30800 19429 13301 
CI . 27680 17703 12283 

28265 18061 12510 


mp > siIy. 
; 


It should be remarked also that the corresponding 6 and ¢ terms increase in passing 
from C II to Si II, exactly as they do with increase of atomic number in the case of the 
alkali metals. 

Although Si If resembles C II in having a term “ #,” it is important to note that 
whereas in Si II this term is definitely of 5 type, it is apparently of o type in C IL. 


VI. Toe Triplets AND SINGLETS oF Sr III (S1**). 
General Remarks. 


The third spectrum of silicon forms a triplet system, with its accompanying series 
of singlets, as in the spectra of the alkaline earths. One of the triplets, having its 
strongest line at 4 4552, is well known from its occurrence in the spark and in certain 
stellar spectra. A second triplet, having its strongest line at 2 3806, is also present 
in the spark, but the Si III spectrum as a whole is but feebly represented under spark 
conditions. The lines are much more completely revealed by the vacuum tube observa- 
tions of silicon fluoride, and they appear under conditions of discharge which are con- 
sistent with their assignment to doubly-ionised silicon. As in Si II, the lines which 
appear in the ordinary region of observation with gratings or quartz spectrographs 
belong to secondary series. The chief members lie in the extreme ultra-violet and have 
only been partially observed. The author’s observations include the triplet beginning 
at 4 1113, and for the first two members of the triplet beginning at 2 997 he is indebted 
to the photograph of the silicon vacuum are placed at his disposal by Mr. Simeon, 
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The lines which have been identified as belonging to the triplet system of Si IIT are 
collected in Table V and again in order of wave-length in Tables X and XIII. 


The Triplet System of Si ITT, 


Of the four triplets which have been observed in the ordinary range, two are inverted 
and must therefore be given negative signs in the calculation of limits. One of them, 
having its strongest line at % 3086, is accompanied by satellites, and there is accordingly 
no difficulty in deciding as to the two triplets which belong to the diffuse series, although 
the satellites to the second triplet have not been resolved. The satellites observed 
are abnormal, inasmuch as they appear on the more refrangible (actually less refrangible 
because of the inversion) side of the chief lines; in other words, d, >d,>d,. The 
corresponding triplet in Al II, as observed by PAscueEn, is similarly inverted and has 
the same abnormality in connection with the satellites. 

As only two members of the sharp and two of the diffuse series have been observed 
in the ordinary region, the data are inadequate for precise calculations of limits. The 
followmg RypBere formule, however, may be quoted as indicating the approximate 
limits :— 


Second Diffuse serves :—- 
2p, — 2d, = — 32282 at 


y = 95459 -16 — 9R/(m + 0-779813).. 
2p, — 3d; = 26367 -96 


Second Sharp series :— 
2p, — 28 = — 21852 -99 


v = 96070 -00 — 9R/(m + 0-893226). 
Qn, — 3s =  30945°58 


These results are sufficient to show the order of magnitude of the term 2p,, and in 
view of the approximate character of the formule, the accordance of the two calculated 
limits provisionally serves to justify the assumption that the series constant for these 
triplets is 9R. 

Taking 2p, = 96070, and assuming the usual Ryppere relations, the formule lead 
to 4 1340 as the approximate position of the leading triplet of the first diffuse series. 
The earlier photographs with the vacuum spectrograph, taken through a fluorite window, 
showed no such triplet in the region less refrangible than 2 1220, but later photographs 
of the vacuum are, taken without window, revealed it at 41113. This triplet is more 
strongly shown in Stmcon’s photograph and has also been recorded by MILiikan. 

The triplet of the first sharp series has only been partially recorded. Its position 
with respect to the first diffuse triplet is accurately known from the fact that the interval 
separating the two is identical with that separating the triplets at 4 4552 and A 3086. 
The triplet lies beyond the region photographed by the author, but the first two members 
appear near the limit of sensitivity on Smmzon’s plate. 
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With the term 2d roughly determined from the above formule, and by assuming 
a value for the first f term, which is nearly the same for most series, it seemed probable 
that the first member of the fundamental series must be the complex line about 4 1500. 
It then became clear that a narrow triplet beginning at 4 4829 must belong to the fy, 
or super-fundamental, series and that a fainter triplet having its first line at 1 3040 
was the second member of this series. 

The last-named triplets appear to provide the most suitable means of fixing the limits 
of the various series. Not more than two members of any of the series have so far 
been observed, and the g terms may be expected to show the least departure from simple 
Rypsere terms. We thus have 


3f, — 4g = 20702 +79 


} 3f, = 60444 -00 
3f, —- 5g = 3287514 
3f. = 60483 +44 
| 3fs = 60511 -23 
In view of the triple character of the f terms, as well as of the d terms, the line of the 
fundamental series near 4 1500 is a complex of six components. Owing to the small 
resolving power of the vacuum spectrograph, however, only three components have 
been observed. It may be supposed that one of these represents 2d, — 3f,, and the 
d, and d, terms may then be deduced by using the values of Av from the diffuse triplet 
at 43086. Thus :— 
2d, — 3f,; = 66649 2d, = 127093 -00 
3f, = 60444 2d, = 127090 -86 


2d, = 127088 -85 
The possible df combinations may be most clearly indicated by making use of the 
inner quantum numbers (7), to which reference has already been made. Under ordinary 
conditions the permissible combinations are those of terms for which the values of 7 
differ by unity or zero, with the exception that transitions 7 = 0 to 7’ = 0 do not 
usually occur. The df combinations are, therefore, as follow :— 


Values of 7. 
dif; =d,; — fy = 66649 -00 (adapted to agree with observation), 


dif, = ds; — fy = 66609 -56 
dzf, = d, — fy = 66607 -42 
d, fy = ds — f, = 66581 +77 
d,fs = d, — fz, = 66579 -63 observed = 66578. 
dsf, = d, — f, = 66577 -62 

The values of the 2d terms above determined immediately lead to the terms 2p and 


3d, through the observed lines of the second diffuse series, and 2p then gives the values 
of the s terms with the aid of the observed lines of the second sharp series. The 


\ observed = 66608. 
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terms 2p thus arrived at are in sufficient agreement with the approximate values 
previously calculated independently from the second sharp and diffuse series. The 
chief remaining terms, 1p, have been derived from the first diffuse triplet at 1113. 
All the results for the triplet system which are at present available are collected in 


Table V. 


ar 


997+ 70 


995-23 


1113-76 
1110-47 
1108-85 


lst Sharp Series.—lp — ms; 1p, = 216879; 1p, = 217142 ; lps = 217273. 


Taste V.—Triplet Series of Si ILL. 











Observed. Calculated. 
v. Ay. A. v. Ay. 
100230 997-81 100219 
249 ‘ 263 
100479 995-20 100482 
131 
_— — 993-91 100613 








m (+- 2). ms 


(2) 116660 


1st Diffuse Series —lp — md; 1p, = 216879; 1p, = 217142; 1p, = 217275. 


Observed. 
‘ ro we Calculated. 
v. Ay. 
89786 
266 Used for calculation 
90052 of Ip. 
132 
90184 





m(+ 1).| md, dy dy 
127093 
(2) 
127091 
127089 


Fundamental Series.—2d — mf; 2d, = 127093-00; 2d, = 127090-86 + 2d, = 127088-85. 








- 1500-39 
1501-32 
1502-00 


1142-74 ? 
1144-85 ? 





Observed, | Caleulated. 
Sa ON BEES peur y-3 
| v. | Ay. ya Comb, 
a eRe |e emeees | = 
66649 *1500°39 | *66649-00 dy fi 
41 
66608 1501-29 66609 +56 dy fs 
1501-34 66607 «42 dy fs 
30 
1501-91 66581 +77 dy fs 
66578 1501-96 66579-63 ds ts 
1502-01 66577 «62 ds fs 
87509 di fi 
161 
87348 des fs 


-_ 





m (+ 1) mpi fe Ss 


Vv. 


60444-00 
(3) 60483-44 
60511-23 


39584 2 
(4) 39744 2 


ee) (ee, ec ke 0 ed ee 


* Used for calculation of 2d,. 
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TaBLe V (continued). 


MP, Pe Ps- 











— 100230 249 216890 


—99T-70 
—995 +23 — 100479 (134) (1) 217139 
— —- (100613) 217273 
4552-654 (9) 21959°17 73°16 94700-39 
& 4567-872 (7) 21886-01 33.09 (2) 9477355 
S 4574-777 (4) 21852-99 . 94806 °57 








| 
2nd Sharp Series—2p — ms ; 2p,—= 94700-3355; 2p, = 94773-54; 2p, = 94806- 64. 








A, Intensity. v. Ay. m (-+- 2). ms. 
| 

—4552-654 (9) —21959°17 73°16 | 
—4567-+872 (7) —21886-01 33.()9 (2) 116659-56 | 
—4574-7T77 (4) —21852-99 

5241°67 (6) 30839 +43 73-14 

3234-00 (5) 30912+57 33.()] (3) 63861 -01 

3250-55 (3) 30945 +58 


2nd Diffuse Series —2p — md; 2p, = 94700-3353; 2p, = 94773-54; 2p, = 94806- 64. ! 
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A, Intensity. v. Ay. m (+1). mid, dy dy. 
—3086 +225 (7) —32392-67 aia | 
3086-429 (3) —32390-53 2-09 | 
— 3086-620 (0) —32388-51 ? seenea.nol | 
— 3093-423 (6) —32317-31 a ) 17088:65 | 
3093613 (3) —32315-31 ae | 

33°10 
— 3096-786 (4) —32282°21 | 
3806-56 (5) 26263 -00 dialed | 
3796-11 (4) 26335: 30 aaten (3) 68438-08 
3791-41 (3) 26367 +96 


1S — lp, = 39330 18 = 256472. | 


EEE OE ee ee 
VOL. CCXXV.—A. F 
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TaBtE V (continued). 


——— 


Super-Fundamental Series —3f — mg ; 3f, = 60444-00; 3f. = 60483-44; 3f, = 60511 -23. 





—_—————— 











A, Intensity. v. Ay. m (+ 1). mg. 
4828-923 (47) 20702 +79 39.44 

4819-740 (3x) 20742 +23 97-79 (4) S9T41 +21 
4813-290 (27) 20770 -02 

3040+93 (1) 32875: 14 39.73 

3037 +26 (1) 32914+87 27-33 (5) 27568 +82 
3034-74 (1) 32942 > 20 





eee ——— —_—— ——__—— a a — a —— = _—- — _ —————————— 


Six lines forming a pp’ multiplet may be arranged as follows :— 


Ip, Ips Ips 
(2) (1) (0) j 
76,845 p's (0) 
13] 
76,712 %64 76,976 133 77,109 p's (1) 
264 263 
76,976 263 177,239 p’; (2) 


p’, = 139,903 ; p's = 140,166; p’, = 140,297 


This group is well defined and confirms very closely the values of the main triplet 
separations already adopted. <A similar multiplet appears in Al II, with its first line 
at 2 1767-6 (v = 56574), and in Mg I with the first line at 4 2783 (v = 35922). 

The highest term of the triplet series is a p term, but a still higher term is to be 
expected in connection with the associated singlets, so that the » term in question 
gives no direct indication of the normal state of the doubly-ionised silicon atom. 


Comparison of Triplets of Si III, AL IL, and Mg 1. 


In accordance with the normal atomic numbers of the three elements a close similarity 
between the spectra of Si III, Al II and Mg I is to be expected. All three spectra do, 
in fact, include triplet systems in association with singlets. The three atoms in the 
states indicated by the symbols have the same number of external electrons, but the 
nuclei differ in mass and charge. The effect of mass is so small as to be negligible in 
the present discussion, but, as previously explained, the effect of increased nuclear 
charge is to displace the spectrum as a whole to the region of short wave-lengths, 
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Corresponding Lines.—Some of the chief corresponding lines of the triplet systems 
are indicated in Table VI. 


TaBLE VI.—Comparison of Chief Lines of Si ITT, Al IT and Mg I. 


me: Mg I. Al IT. Si UI. : 

oe diene nb 

it sharp, pp 2s... {2} S88 — ss 
and sharp, 28—2p, - 20 {| = ae or 
and diffuse, 2d, — 2p, ae = pin Rove 
Fundamental, 24,— if, . {>| M807 te jp 


rs 


The Triplet Separations—Increase of nuclear charge in similarly constituted atoms 
results in increased separations of the components of the triplets as shown in Table VII. 


Taste VII.—Triplet Separations of Si IIT, Al IT and Mg I. 


— Mg I. Al II. Si IIT. | 

At. Wt. . . i ee 24-32 27-1 28 +3 
Nuclear charge tr ees ae 12 13 14 | 
| Charge PROONSUEN LD Said! a. l 2 3 | 
GN oo”) 40-9 125-5 263 | 
Separations ¢ ‘4221 ea ae 19-9 61-8 131 | 





A striking result of the comparison is that the ratio of the two separations of the 
respective triplets is practically constant and equal to 2:1. Further, there is a nearly 
linear relation between the separations and the squares of the residual charges. Thus, 


the equation 
Av = 13 +- 28¢ 


gives the values 41, 125, 265 for Me I, AlII and Si lll respectively, and it may be 

observed that there is an uncertainty of a few units in the tabulated value for Si III, 

as it depends upon measurements in the extreme ultra-violet. The separations are, 

therefore, much more simply related than those of successive elements belonging to 
; F2 
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the same group of the periodic table. This has also been noted in the previous paper 
on Si lV. 

Effective Quantum Numbers.—In the comparison of the effective quantum numbers 
of Si lll, AL TT and Me I (Table VIII), the numbers represent 1/9R/term, 1/4R/term 
and \/R/term respectively. For Al II the value of R has been taken as 109734 -98 
as adopted by PAscHEN for this spectrum. For the other elements R = 109678 -3. 


Taste VIII.—Eflective aii Numbers of Si IIT, Al II, and Mg I. 


———————————— = —— a 




















| Bour numbers. = | 3 4, 5. 6. 
| | | | 
Mg I o-g14492 | 3-SM5514 | 
ms < Al II 2-691566 3°716978 | 
Si Til 2- 908850 3-931549 | 
Mg I 1- 660865 2-817126 | 
mp, ~ Al I 1-959816 3075940 
Si ITT 2-133402 5-228536 
Mg I 2+ 827920 3-829341 | 
md, <ALL =| 791874 3-801090 | 
Si II 2786896 3- 797805 | 
Mg I 3-959795 4953992 | 
mf, < AIII 3.928628 4-882470 
Sill | 4041150 4-993692 ? 
Mg l aie = 
mg <AlII 4-982972 5+ 980675 
Si 1] | 4-983806 5983737 | 
| 


The Singlets of Sill. 


There are numerous lines which are developed in the silicon spectrum simultaneously, 
or nearly so, with the triplets of Si III, and many of them doubtless belong to the asso- 
ciated singlet system. The arrangement of these in series has not yet been finally 
accomplished, and may not be possible until improved observations in the region beyond 
» 1200 have been obtained. The identification of the resonance line, 1S — 1p, and of the 
first line of the principal series, 1S — 1P, however, can be made with reasonable certainty. 

Considerable assistance might be expected from comparisons with the singlet series 
of Mg I and Al II. Those of Mg I are well known, but those of .Al II are unfortunately 
not yet fully established. Pascuen has not published any singlet series for Al II, but 
H. N. Russeri* has attempted to trace the leading members of the four series from 


* ‘Nature,’ vol. 113, p. 163 (1924). 
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PAscHEN’s data. Russe.i’s method was to form ratios of corresponding s, p, d terms of 
Al IT and Mg I, and to plot these ratios against the known terms of Mg I. Then, from 
the known 8, P, D terms of Mg I the ratio of the singlet terms of Al I] and Mg I were 
obtained by interpolation. The rough values of the singlet terms thus obtained suggested 
the allocation of some of the lines of Al IT. 

Only two members of each of the triplet series have been observed in Si IIT, and 
RussEuu’s method therefore becomes merely a linear interpolation or extrapolation in 
this case. It is, nevertheless, worth while to see how far the method is applicable. The 
relevant data and the results are as follows :— 


Al Il. Si IL, Ratio. Al IT. Si TTT, Ratio, 
2s. . 60589 116660 1-926 IS. . 147107 (246200) (1-674) 
Ip, . 114281 216904 1-898 IP. . 87262 (170600) (1-954) 
2p, . 46393 94700 2-04] 2P. . 438759 (89580) (2-046) 


The interpolated ratios and singlet terms for Si III are shown in brackets. The value 
for 18 involves a long extrapolation and may be much in error. 

It is possible that more exact values, assuming the method of ratios to be valid, may be 
obtained by plotting the logarithms of the ratios against the logarithms of the terms. 
This procedure gives 1S = 267000, 28 = 105600, 1P = 169200, 2P = 89740. 

The most appropriate line for 1S — 1P in any reasonable accordance with the above 
calculations is that at % 1206-9 (v = 82857); this is by far the strongest singlet in the 
range A 1400 — 2 990, and may be adopted with considerable confidence. 

For the identification of the resonance line 1 8 — 1 p, we have 1 p, = 217140, and the 
above calculated values of 1 S give the wave-numbers 29060 and 49860. The limits are 
wide, but there are no strong singlets near this range except % 3590 (v = 27844), 2 3486 
(v = 28670), 4 2559 (v = 39063), and 4 2541 (v = 39330). Of these, there can be little 
hesitation in selecting the last as the most probable resonance line. Its physical beha- 
viour is precisely in accordance with this view, as it is more strongly developed in the 
ordinary spark than any of the other lines, just as the resonance line of Al IT suggested 
by RusseLi makes its appearance in the are, and that of Mg I in the flame. 

The identification of the resonance line, and the consequent deduction as to the third 
ionisation potential, is of considerable importance for astrophysical investigations, and 
further checks on the line adopted may accordingly be mentioned. If the logarithms of 
the values of 18 — 1p, be plotted against the logarithms of the 1p, terms for Mg I, 
Al IT and Si III, the value of 1S — 1p, for Si ITE is given as v = 41700, which is in 
sufficient agreement with the adopted line v = 39330. A similar procedure gives IS — 1P 
for Si IIT = 83000, almost in exact agreement with the adopted line 82857. 

Again, if the resonance lines of Na TI, Mg II, Al IIT and Si IV be plotted against the 
corresponding nuclear charges, or numbers increasing by unity, the points lie very nearly 
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on a straight line. If a similar relation-holds for Mg I, Al II, Si IIT, the value of 
1S — Ips for Si TIT will be less than 43530, as will appear from the data given below. 


lo — Ix. Ay, IS—Ip.. Av, 
Na | . 2 oe | Se Me I ride ts 21870 
IS7S88 10830 
Mg TE > sae ALT!” «yo oe 
IS157 
AVLE 3y. < SSeS Sa UT... = oe 
17822 


Si lV aie « wre 


Thus, although it is not to be considered as fully established, there are substantial 
grounds for the adoption of v 82857 as the 18 — 1P line, and of v 39330 as the 1S — 1 py 
line of Silll. If the identification be correct, the terms 1 8 and 1 P may then be deduced 
as follows :— ; 

IS—1p, = 39330 

Ip. = 217142 
256472 = 18 

IS—1P = 82857 
173615 = IP 


Plausible assignments of other lines of the singlet series might be made, but it is 
considered desirable to defer the further discussion until more complete silicon data are 
available for the extreme ultra-violet, and it becomes possible to derive further assist- 
ance from the singlet series of Al II. 

The above values for 15S — 1p, and IS suggest that the resonance and ionisation 
potentials of Si IIT are respectively 4°85 volts and 31-66 volts, but these values cannot 
yet be considered final. 

There can be no doubt, however, that the spectrum of Si III is generally similar to the 
spectra of Al II and Mg I, consisting of singlets and triplets, and having 18 for the 
largest term. As in Al IT and Mg I, it may accordingly be concluded that the series 
electron in Si IIT normally occupies a 3, orbit. 


VII. Tur Serres System or SrlV (S1*+*). 


Details of the observations and analysis of the spectrum of Si IV having already been 
communicated to the Society,* it is only necessary to summarise the chief results for 
convenient comparison with the spectra at other stages of ionisation. 

The constant for the series was definitely proved to be 16R, in accordance with 
Bour’s theory, and the whole system was shown to be similar in structure to the doublet 


* Loc. cit. 
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series of Al II], Mg I, and Na I, for which the series constants are respectively 9R, 4K, 
and R. With increase in the value of the series constant, however, the spectrum is 
displaced as a whole towards shorter wave-lengths. Thus, the brighter component of 
the first principal pair of lines in Na I is at 45889-9, in Mg IT at 4 2795-5, in ALIII at 
1854-7, and in Si IV at 4 1393-9. The chief series of Si [V lie in the extreme ultra-violet, 
those which appear in the ordinary range of observation being secondary series such as 
occur in the far infra-red in Na I. 

It may also be noted that the separations A v of the first principal pairs are 17-88 for 
Na I, 91-55 for Mg IT, 238 for Al IIT, and 460 for Si [V. 

The various spectral terms of Si [V, with the notation of the present paper, are given 
in Table LX, calculated terms being enclosed in brackets. 


Taste LX.—The Series Terms of Si LY. 











RYDBERG | | . | = | Bour | 
Numbers. ss e | i ak ; | r. | fi | Numbers. | 
| | 
stig 364117 | 292837 | 292377 | 3 
| 9 203705 
oa 170105 | 145817 | 145655 ee 
| 3 114076 109925 | 

98666 87580 87505 : 
4 72594 70366 70213 
[64401] | [58438] | [58397] / 
b stiz [50186] | 48862 48788 | 48733 
[45319] | [41766] | [41741] | : 
6 (36741 | 35893 35835 | [35800] 
[33638] | [51335] | [31319] . 
7 28050] | [27476] 1 ie 

| 


The largest term is the lo term, from which it follows that the series electron in Si IV 
normally occupies a 3, orbit, asin Al III, Mg Il, and Nal. The corresponding ionisation 
potential of Si IV, representing the energy required to expel the fourth of the outermost 
electrons from the silicon atom when three of them have already been removed, is 44°95 
volts. 

The lines of $i LV which have been classified in series are included in Tables X and XIII. 
The positions of several lines as calculated from the series terms given in Table IX 
have been included, and it will be seen that nearly all of these have since been confirmed 
by the observations of Bowen and Mriiikan* or of McLennan and SHaver.t 


Ce — _ _ ——____— 











VIII. Generat Conciusions. 
(1) The investigation has shown that the changes in the spectrum of silicon which 
accompany appropriate increases in the energy of the exciting source represent successive 


* * Phys. Review,’ vol. 23, p. 1 (1924). 
T * Trans. Roy. Soc. Canada,’ vol. 18, p. 1 (1924). 


Downloaded from https://royalsocietypublishing.org/ on 16 May 2021 


40 PROF. A. FOWLER ON THE SPECTRUM OF SILICON 


ionisations of the silicon atom. ‘This has been established through the identification of 
four successive systems of spectral series, which are respectively characterised by the 
series constants R, 4R, 9R and 16R, in accordance with the theory of Bour. 

(2) The spectrum of the neutral atoms (Si I) includes singlets and triplets. The 
singlets include PS and PD series, which have a common limit about 60072. Only one 
ps and one pd triplet have been certainly identified, and the triplet limits are not 
yet satisfactorily determined. There is no reasonable doubt, however, that the 
largest term of the spectrum is a p or P term, and it is concluded that the series electron 
normally moves in a 3, orbit. The ionisation potential cannot be less than 7-5 volts. 

(3) The spectrum of singly-ionised atoms (Si II, or Si*) includes a doublet system 
analogous with that of neutral aluminium. Lines at 4A 1533+55, 1526-83 (vv 65208, 
65495) form the leading pair of the sharp series, the limits of which are 131531 and 
131818. The resonance potential is therefore 8-09 volts and the second ionisation 
potential 16-27 volts. Besides the usual sets of terms, there is a double term of d type, 
r, = 76498, x, = 76514, which yields a strong series of fundamental type in the 
far ultra-violet ; no corresponding terms have been noted in aluminium. The largest. 
term is az term, and on Bour’s theory it follows that the series electron in Si Il normally 
occupies a 3, orbit. 

(4) The spectrum of doubly-ionised silicon (Si IIL or Si**) is of the same type as 
that of Al II or Mg I, including triplets and singlets. The limits of the triplet series are 
216879, 217142, and 217273. ‘The singlet series have not yet been certainly traced, but 
there is evidence that the resonance line, 1S — Ips, is v 39330, while the first principal 
line, 1S — 1P, is v 82857. If so, the resonance potential would be 4+85 volts, and the 
ionisation potential 31-66 volts. As the largest term is 1S it may be concluded that the 
series electron normally traverses a 3, orbit, asin Me 1. 

(5) The spectrum of trebly-ionised silicon (Si TV, or Sit**), as shown in a previous 
paper, forms a doublet system similar to that of Al II, Mg II, and Na I. The leading 
pair of lines, corresponding with the * D” lines of neutral sodium, is formed by 42 1393 +9, 
1402-9. Some of the series of Si [V which appear within the range of observation with 
ordinary instruments correspond with lines which occur in the far infra-red in neutral 
sodium, The resonance and ionisation potentials deduced from the observed series 
are respectively 8-86 and 44-95 volts. The series electron in Si [V normally moves 
in a 3, orbit. 


The author desires to express his indebtedness to those who have assisted at various 
times in the experimental work which forms the basis of the foregoing paper. Many 
of the earlier photographs with the large quartz spectrograph, including those repro- 
duced in Plate 2, were taken by Mr. J.S. CLarx ; Prof. H. Dincie and Miss . O'Connor 
have contributed several photographs with the concave grating; and the work with 
the vacuum spectrograph was mainly carried on by Messrs. H. Barrewn and L, J. 
I'REEMAN. 
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Taste X.—General Catalogue of Silicon Lines in the Region » 6700 — 4 2000. 


Si I 


5948-548 (5) 


5797-855 (3) 
5793-070 (3) 


5780-378 (1) 


5772°142 (2) 


5708-400 (5) 


5701-101 (1) 
5690-424 (2) 


5684-488 (3) 
5665-554 (1) 
5645-609 (2) 


Wave-lengths, Intensities and Groups. 
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Si If. 


6671-88 (3) 
6660-49 (2) 
6371-359 (8) 
6347-091 (10) 
5978-970 (7) 
5957-612 (5) 


5915-266 (1) 
5868-404 (3) 
5867-497 (1) 
5846-12 (0) 
5827-80 (0) 
5806-75 (2) 
5800-48 (1) 


5794-58 (0) 


5785-64 (1) 


5706+375 (1) 
5TOL+375 (1) 


5688-856 (2) 
5669-590 (4) 
1660+72 (0) 


5639-492 (2) 
5633-00 (0) 
5576-61 (1) 
5540-74 (0) 
5496-24 (1) 
5473-09 (0) 
5468-92 (2) 
5466-93 (0) 
5456-11 (2) 
5454-43 (0) 
5447-10 (0) 
5438+41 (1) 
5432-63 (0) 
5428-73 (0) 
5405-06 (0) 
5294-97 (1) 
202-51 (3) 
5192°75 (1) 
5185-09 (1) 
5181:77 (1) 


VOL. CCXXV.—A. 








5739+ 762 (8) 








Wave- 


Numbers. 


14984-15 
15009+77 
15690 +90 
15750-90 
16720-63 
16780-61 
16806-18 
16900: 74 
17035-70 
17038 -38 
17100-6353 
17154-38 
17216-57 
17235-19 
17242-98 
17252-73 
17257 -23 
17279-39 
17295-12 
17319-80 
17417-51 
17513-19 
L7519-41 
17534-77 
17535-61 
7568-52 
L7573°37 
17586°87 
17633 -07 
17645-64 
17660-71 
L7707-97 
17727-18 
17747-61 
17927-07 
18043-14 
18189°21 
18266-15 
18280-08 
L8286-73 
18322 -99 
18328 -63 
18353-3L 
18382 -63 
18402-19 
18415-41 
18496-05 
18880 -61 
19216-15 
19252 +27 
19280-72 
19293-07 


Series. 


II 2c — 2x, 
II 26 — 2r, 
II 27, — 3e 
II 2x, — 30 


41 
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ails Intensities and Groups. 


si Il 








Si I. Si IT. 





een. i 
5056-353 (2) 
5056-020 (10) 
5041-063 (8) 
4921-69 (1) | 
4906-88 (Ln) | 
4882-98 (Oz) 
4859-28 (1) 
4828-923 (4x) 
4819-740 (3n) 
4813-290 (2n) 
| 4716-658 (5) 
4683-774 (2) 
4683-018 (2) 
4665-87 (0) 
4656-80 (1) 


| 4574-777 (4) 
4567-872 (7) 
4552-654 (9) 





| 
| 
| 4198-174 (2) | 
_ 4190-738 (3) | 
4130-884 (10) 
4128-053 (8) 


| 
4102-945 (5) 





) 
4076-78 (1) 
4075-45 (2) 
4016+22 (On) 
3998-00 (Ln) 
3991-77 (2n) 
3977-46 (On) 
3924-44 (4) 
3905-515 (10) 








3856-021 (8) 
3853°657 (3) 


: 
3862-592 (6) 
3806-56 (5) 


| 3796-11 (4) 
| 3791-41 (3) 
3590-46 (8) 
3486-93 (6) 
| 3482-70 (On) 
3339-84 (3) 
| 3333-16 (2) 


3241-67 (6) 
3254-00 (5) 


TABLE X (continued). 


Si IV. 


4654-14 (dn) 
4631-38 (37) 


4212-44 (3) 


4116-104 (8) 


4088-863 (10) 


3773-13 (3) 
3762-41 (4) 


SILICON 


Wave 


Numbers. 


19771 +60 
19772 +90 
19831 -58 
20312 +57 
20373 °87 
20473 +59 
20573 +45 
20702 +79 
20742 +23 
20770 «02 
21195-99 
21344+35 
21347-79 
21426°25 
21467 +97 
21480 +25 
21585-80 
21852 -99 
21886-01 
21959°17 
23732 °43 
23813°18 
23855 - 46 
24201 -08 
24217-69 
24287 +99 
24565 89 
24449 -80 
24522 +27 
24530 +27 
24892 -O02 
25005 - 46 
25044 +48 
25134°59 
2547415 
25597 - 61 
25882 04 
25926°14 
25942 -05 
26263 -O0 
26335 * 30 
26367 - 96 
26495 +69 
26571 -18 
27843 - 66 
28670 - 36 
28705 +2 

29932 +98 
29992 + 96 
30839 -45 
30912 +57 


Series. 

II 2x, — 38, 
Il 21; re 30, 
II 2x, — 38, 
Ill 3f, — 4g 
IIT 3f, — 4g 
Ill 3f, — 49 
IV 4y — d« 

IV 46 — 5y 

IIT 2s — 2p, 
III 2s — 2p, 
III 2s — 2p, 
IV 48 — 5¢ 

II 25, — So 
IV 26 26 — 21, 
IV 2o - 27, 


II ma, — 2n, 
II mz, — 27, 
II mz, — 2x, 
III 2p, — 3d33, 
III 2p, — 3dy2 
Ill 2p, — 3d, 


IV 36 — 3x, 
IV 36 — 3x, 
II 2x, — 40 
Il 22 eae 4g 
Ill 2p, ae 38 
III 2p, — 3s 
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TaBLe X (continued). 


Wave-lengths, Intensities and Groups. 











Wave- 


43 





comes Ep. ee Series. 
Si I. | Si IT. Si IIT. Si IV. 
3230+55 (3) 30945°58 | III 2p, —3s 
3210-52 (3) 31138-64 
3210-04 (3) 31143-30 | IL Qn, —43,, 
3203-89 (2) 3120307 | Il 2x, — 43, 
3199-54 (1) 31245 -48 
3196-50 (3) | _ 31275-20 
3195-40 (0) | 31285-96 
3193-10 (1) | 31308-50 
3188-95 (1) 31349-25 
3185-16 (3) 31386.55 
. "Oo 
3165-72 (8) 31579-28 | IV 2x, — 3d 
3161°63 (1) 31620-13 
3149-56 (6) $1741-30 | IV 2x, —33 
3096-786 (4) 32982-21 | IIL 2d, — 2p, 
3093-613 (3) | 32315-31 | IIT 2d, — 2p, 
3093-423 (6) | -82317-31 | TIT 2d, — 2p, 
3086-620 (1) 32388-51 | IIT 2d, — 2p, 
3086-429 (3) 32390-53 | TIT 2d, — 2p, 
3086+225 (7) | 32392 -67 III 2d, — 2p, 
3040-93 (1) | 32875-14 | IIL 3f, —5g 
3037-26 (1) | $2914-87 | IIL 3f. —59 
3084-74 (1) | 32942-20 | TIL 3f, — 5g 
3020-01 (0) | | 33102-85 
2987-650 (5) | | 33461-39 
297035 (2) 33656 °27 
2905-70 (3) 34405-06 | IL 23, —4¢ 
290429 (2) 34491-75 | IL 23, —4¢ 
2895-13 (1) 34530-67 | IV 46 — 6y 
2887-90 (1) 34617-L1 | 
2881-585 (10R) | 34692-97 | L1P —18 
2726-74 (2) 36662-99 | IL In, — 5s 
2723-81 (1) 3670230 | IV 48 — 6¢ 
2722-29 (1) 36722-91 | IL2n,—5s 
2682-27 (2) 37270°80 | IL 27, — 5d,, 
267798 (1) 37330°50 | IL Qn. — 5d. 
2675-26 (3) 3736845 
2659-84 (1) 37585 -09 | 
2655-87 (2) lq 37641 -26 | 
2655-58 (2) 37645-37 | | 
2640-80 (4) 37856-05 | 
2631-296 (5) | 37992-77 | 
2606-09 (1) | $8360-21 | II 2o — 3n, | 
anne 2604+44 (2) 3898452 a ae 
, y ve "lo 
2559-22 (7) 39062 -70 | 
2546-10 (3) 39263-98 
re sil =e 
2528-516 (10R) | 3958701 | Lllp,—I1p,' | 
2524-118 (9R) 39605:89 | Llp, — lps’ 
2519-210 (8R) | 39683-03 | I lp, — Ip.’ 
| | 


a2 
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TABLE X (continued). 


Wave-lengths, Intensities and Wee ae 





Wave- 








Numbers. Series. 
Si I. Si II. Si UI. gi IV. 
2517-48 (3) | 39710-30 a es a er ae — ty 
20 =) 
2516-123 (15R) 39731 «73 lp, — 1p,’ 
2514-331 (7R) 39760-04 | I 1p, — 1p.’ 
2506 904 (10R) 39877:83 | I 1p. — 1p,’ 
2505-07 (0) 39907-01 
2504+32 (1) 39918-97 
250199 (1) 39956-15 | IT 28, —5¢d 
2500-96 (1) 39972-60 | I1 26, —5¢4 
2452-136 (3) 40768 -42 I 1p, — 2s 
2449+53 (21) 40811-79 * 
2443-378 (3) 40914-54 IT1lp, — 2s 
2438-782 (3) 40991 +64 I 1p, — 2s 
2435-159 (8R) 4105261 | 11P —1D 
2374-29 (1) 42104-97 
| 2371-04 (1) | 42162-69 
2367-00 (1) 42234 -65 
2357-94 (2) 42396 +91 
2357+15 (2) 42411-12 
2356-25 (3) 42426-77 
2353 ‘O7 (1) ae *65 
a3" oo 
2303-06 (2) a 43407-11 
| 2300+90 (0) 43447 +85 ae 
2287-08 (10d) 43710+37 IV 36 — 4 
2218-917 (1) 45052 + 96 I 1p, — 2d, 
2218-080 (2) 45069 +96 I lp, — 2d, 
2216-685 (4) 45098 + 32 I lp, — 2d, 
2211+750 (2) 45198-92 I lp, — 2d; 
2210-912 (3) 45216-07 I lp, — 2d, 
2207-980 (2) 45276-09 I lp, — 2d, 
2136-41 (1) 46792 +69 
2127-48 (4) 46989 -05 ae ae 
2124-140 (6R) 47062°94 | 11P — 2s 
2123-070 (1) 47086 ° 65 
2120-19 (3) 47150-62 | IV, 2x, — 30 
2084-48 (1) 47958-25 
2082+31 (0) 48008 - 23 
2072-61 (10) 48232-89 | II ma, —3¢ 
2071-94 (8) 48248-49 | Il mx, —3¢ 
2065:57 (0) 48397 -26 
2061-25 (1 48498 - 67 
ai 2058-917 (0) 48553 -61 II 26 — 4r, 
2058-532 (1) 48562°70 | IL 2a —4n, 
2058-20 (5R) 48570-51 11P —2D 
| 2054-85 (1) 43649+70 





| 


ee 


————————— 





a 
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AT SUCCESSIVE STAGES OF IONISATION. 45 
Taste XI.—Silicon Lines of Uncertain Groups in the Region 4 6700 — 4 2000. 
Si IIT ? Si IV 2 
A, Intensity. v. A, Intensity. vy. 
4638-12 (1) 21554-44 3622-44 (0) 27597 + 86 | 
4338-52 (1) 23042-88 3612-26 (1) 27675: 63 
4183-48 (0) 23896- 83 3601-52 (2) | 27758-16 
3147-38 (0) 31763-28 3525-90 (2) 28353-48 
3126-25 (0) 31977 -97 3279+25 (0) 30486 -02 
3077-56 (00) 32483-87 3276-25 (1) 30513-93 
3053-18 (1) 32743 +25 3258-67 (1) 30678°55 
3045-10 (0) 32830-13 3254-79 (00) 30715-11 
3043-97 (0) 32842 -31 3253-44 (00) 30727 +85 
3030-00 (0) 32993-73 3216-26 (1) 31083 -06 
2360-58 (1) 42349-50 3214-65 (0) 31098-63 
2360-21 (1) 42356°14 2831-51 (1) 35306 +48 
2334-60 (1) 42820-73 2817-09 (1) 35487-19 
2334-40 (1) 42824-40 2816-15 (1) | 35499-04 
2365-05 (0) 42269-47 
2364-34 (0) 42282-16 
2349-51 (1) | 42549-03 
Taste X1I.—Are Lines of Silicon (Si I) in the Region 4 2000 — d 1840. 
A, Intensity. v. | Series. A, Intensity. Relntety. |v | Seen, | Items. | v. Series. 
1991-80 (1) 50205-8 : 1901-00 (5R) 52603-9 11P—38 
1988-97 (4) 50277 +3 I 1p, — 1p," 1892-80 (3R) 52831-8 I1P —3D 
1986-33 (2) 50344-1 Llp, — 1p,” 1881-60 (2) 53146-3 
1983-20 (3) 0423-6 I lp, — 1p,” 1880-71 (1) 53171 °4 I 1p, — 3s ? 
1980-56 (2) 50490-8 Llp, — 1p,” 1875-54 (2) 533180 | Ilp,—3s?% 
1979-15 (2) 50526-7 I 1p, — 1p." 1874-68 (3) 53343-9 
1977-54 (3) 50567 +9 I lp, — 1p,” 1872-87 (2) 53394-0 I lp, —3s ? 
1962-80 (0) 50947 «6 1852-50 (2) 53981-L | 
1961-80 (1) 50973-6 1850-84 (1d?) 4029-5 | 
1961-00 (0) 509944 1850-07 (00) 54052°0 
1959-92 (1) ° 510225 1848-68 (0) 54092-7 
1958-40 (0) 51062+1 1847-95 (00) 5414-0 
1957-60 (1) 51083-0 1846-05 (00) 54169-7 
1954-71 (2) 51158-5 1845-57 (In) 4183-8 
1946-64 (1) 51370-6 1843-70 (0) 542388 Ca? 
1940-33 (0) 51537 -6 1841-25 (In) 54310-9 
1904-30 (2) 2512-7 
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TaBLe XITI.—Classified Lines of Si II, Si II, and Si IV in the Region more 


- —— ———— Ne sss Ss... 9>°>°QQQGr 


A vac, and Groups. 
Wave- 


EE EEE EEEEEEOEOEOOOOEOEOEeeee—_ 
. 


55034 
55305 
55633 
55676 
57888 
58050 
58445 
63975 
65208 
65208 
65495 
66578 
66608 
66649 
67322 
69498 
70982 
71280 
71740 
[73061] 
- [73223] 
76712 


1808-14 (8) ee 

| 1797-5 

1796-1 (1) 
1727-4 (4) 


ieee 
1817-06 (10) | 

| 

| 

| | 1722-7 (5) 





1711-0 (6d?) 
1563-1 (3d 2) | 
1533-55 
1533°55 (10) 
152638 (8) 
1502-00 (5) 
1501-32 (5) 
1500-39 (5) 
1485-4 (3) 
1438-9 (1) 
1408-8 (0) 
1402-9 (8) 
1393-9 (10) 
[1368-72]t 
[1365-69] 


numbers. 


1265-04 (10) 
1260-66 (8) 


1197-79 (3) 
1194-89 (5) 
1193-62 (3) 
1190°80 (4) 


1303-57 (2) 
1301-32 (2) 
1299-10 (4) 


1296-86 (2) 
1294-69 (2) 
[1279-05] 


[1230-71] 
[1228-26] 
[1211-75] 
[1210-65] 
1206-9 (10) | 
| 


[1154-73] 
1144-85 (1) 
1142-74 (0) 


a 


76845 
76976 


77109 
77239 
78183 
79040 
79324 

[81254] 


[81416] 


[82525] 


[82600] 


82857 
83487 
83690 
83779 
83977 
[86600] 
87348 
87509 


[1127-75] 
[1121-93] 


[88672] 

[89132] 
89786 
90052 
90184 


1113-76 (5) 
1110-47 (5) 
1108-85 (4) 


* Bowen and MILLIKAN, loc. cit. 





—— aaa EEO | 


Refrangible than 4 2000. 


Other observations. 





Series. 

B. & M.* | McL. & 8.T 
Il lnm, — 21,2 1817+1 (10) 
Il In. — #2 1808-1 (10) 
IV 35 — 4r,z 
IV 38 — 4n, 
IV 2x. — 28 1727-5 (3) 
IV 2x, — 28 1722-7 (4) 
II z,, —4¢ 
II a, —5¢ 
IV 36 — 5d 
II 1x, — 20 1533°4 (0) | 1533-5 (5) 
II lx, — 20 1526-9 (0) | 1526-8 (4) 
III 2d,,.; — 3f; 1502-0 (5) 
IIT 2d,, — 3f/; 1501-3 (5) 
III 2d, — 3f, 1500-3 (5) 
II z,, — 6 
II z,, —7¢ 
II z,. —8¢ 
IV lo — In, 1403-0 (6) | 1402-7 (10) 
IV lo — lm 1393-9 (6) | 1893-6 (10) 
IV 2, — 46 1569+1 (1) 
IV 2x, — 48 1365-0 (2) 
III lp, — p's 1303-5 (1) | 1303-3 (6) 
III lp, — p's 1301-2 (6) 
Ul {tp — p's | 1299-0 (2) | 1298-9 (7) 

l — / 
Pr— Pi 

III lps — p's 
Ill lp, — p's 1294-9 (1) | 1294-5 (6) 
IV 35 — 6 
II Im, — 2042 1264-9 (1) | 1264-7 (6) 
II lx, — 28, 1260-5 (1) | 1260-4 (5) 
IV 27x, — 4o 
IV 2x, — 4c 1228-1 (0) | 1227-7 (3) 
IV 2c — 3n: 
IV 26 — 3m, 1210-5 (8) 
Ill 1s —1P 1206-5 (5) | 1206-6 (10) 
II lt, —_ Qa" 
II In, — 277’; 1194-4 (0) 
II lr — 27’ 
II lx, — 20's 
IV 35 —T¢ 1154-5 (0) 
III 2d, — 4f; ? 1144-8 (2) 
III 2d,, —4f; ? | 
IV Ix, — 28 1128-4 (2) | 1128-1 (8) 
IV lx, — 28 1122-6 (2) | 1122-2 (8) 
III 1p, — 2d 1113-5 (2) | 1113-0 (8) 
III lp, — 2d 1110-3 (2) | 1109-7 (7) 
III 1p, — 2d. 1108-9 (2) 1108-2 (6) 


McLENNAN and SHAVER, loc. cil. 
t Figures in brackets represent calculated lines. 
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TaBLeE XIII (continued). 





A vac. and Groups. Other observations. 











Wave- 


ae 


Series. — 
numbers, 
Si IT. Si II. Si IV. B. & M. | McL. & S. | 
| a? (oe | 
| 1066-35 (8)* 93782 IV 23 — 3¢ 1066-7 (0) z 1066-4 (8) 
[1023-75] | [97680] | IL1n, —30 
[1020-75] | [97967] | IL lx, — 30 | 
997+70 (1) 100230 III lp, — 2s | 997-5 (0) 997-4 (4) | 
995-23 (0) “. 100479 | IIL 1p, — 2s 994-6 (0) | 994-7 (4) | 
[993-94] [100610] | IIL 1p, — ee | | 
993-09 (1) 100696 | IL Im, — 33,, | 
990 +32 (0) 100977 | IL In, — 33, | 
[859-52] [111667] | IV 20 — 4m, 
[859-25] | [111708] |IV2o—4m, | 
[817-85] [122272] | IV Im, — 2c | 818-0 (2) | 818-0 (7) 
[814-78] [122732] | IVix,—2c | 815-0 (2) | 814-8 (7) 
[779-19] [128339] | IV2co—5n, | 178-7 (0) 
[779-03] [128364] | IV2o—5m, . 
[749-97] [133339] |Iv23—46 749-7 (3) 
[645-82] [154843] | IV23—5h 646-0 (1) 
[560-85] [178301] | IVin,—38 | hs 61-1 (1) 
[559-41] [178761] |IVix,—35 | _ 
| [458-09] | .[218800] | IVlo—2n. |V geen pa | 
| [457-75] | [218462] | IV lo — 2m, a a 
[361-615] | [276537] | IV lo — 3z, 361-6 (1) | 
[361-517] | [276612] | IV lo — 3n, | 





* This line does not occur in the vacuum arc ; 








ooo 





it was originally adopted from Millikan’s observations 
of the vacuum spark of carbon. 


Deservption of Plates. 


The photographs which are reproduced are mainly intended to illustrate progressive 
changes in the spectrum of silicon, as observed in vacuum tubes of silicon tetrafluoride 
with discharges of varying intensity. In each set of spectra the effect of a compara- 
tively feeble discharge is shown at the bottom and of the strongest discharge at the top. 

Lines which are known to be due to fluorine, or are probably to be attributed to that 
element, are marked beneath the uppermost spectrum. 
four spectra of silicon are also indicated. 

The photographs in Plates 1 and 2, and the first three on Plate 3, were taken with a 
large quartz spectrograph, Hilger’s E 1. 


Typical lines belonging to the 


Plate 1.—Region 7000 to 4 3400. The predominant lines in this region belong to 
Si I, Si IT, and Si III. 


Plate 2.—Region % 4000 to % 2800.—The capillary tube was rather wider than that 
used for the spectra in Plate 1, and the lines are more sharply defined. A few faint lines 
of argon which appeared in No. 1 have been obliterated in the reproduction. 
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Plate 3.—(1), (2), (3): Vacuum tube spectra of Si F, in the region 4 2800 to 4 2400. 

(4): Arc spectrum of fused silicon in the region 4 2300 to 4 1840, with aluminium 
spark comparison. ‘Taken with a small quartz spectrograph by BrLirncHam and 
STANLEY. | | 

(5), (6): Spark spectrum of fused silicon in an atmosphere of hydrogen, region 4 1900 
to 2 1250. A small amount of self-induction was introduced for No. 5, and it will be 
noted that the principal pair of Si IV, 44 1393, 1402, is considerably reduced in intensity. 
Lines of aluminium and other impurities are present in these spectra. 

(7), (8): Vacuum tube spectra of Si F, in the region 4 1900 to 2 1250. The discharge 
was strongest for No. 8, in which lines of Si IL] and Si IV are most strongly developed. 
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